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ABSTRACT

Author: Sun, Yiwei. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Microstructure Evolution in 6XXX and 7XXX Aluminum Alloys during Extrusion and
Related Heat Treatments
Major Professor: Kevin P Trumble, David R Johnson
Extrusion is a hot forming process for aluminum alloys producing rods, tubes and
complex profiles. The phase and grain structure evolution during extrusion is of great importance
as it determines the mechanical properties of the product. In term of phase evolution, dissolution
and precipitation of the precipitation hardening phase happens during extrusion as temperature
changes. As for grain structure, recrystallization and grain growth can occur during or after
extrusion as the result of deformation and high temperature. For better control of microstructure
evolution during extrusion and improvement of properties of final product, the underlying
mechanisms related to phase and grain structure evolution are studied fundamentally in the
present dissertation.
For 6XXX alloys (Al-Mg-Si), the Mg2Si phase is a critical factor determining the
extrudability of the billet. In this work, the size and number density of Mg2Si particles in billets
are varied using different homogenization cooling rates, the effect on compressive flow stress is
analyzed, and the precipitation and dissolution behavior of Mg2Si during extrusion pre-heating is
examined. Qualitative considerations are provided regarding to the optimization of extrusion
pressure and age hardenability by modifying the size distribution and number density of Mg2Si
in billet.
The recrystallization and grain growth mechanisms of a 7XXX alloy (Al-Zn-Cu-Mg) are
investigated using a laboratory-scale direct extrusion setup. The lab-scale setup enables rapid

xv
quenching of both extrudate and billet discard, which helps to capture the dynamic behavior of
the material during extrusion. The static annealing process that happens at the die exit in
industrial extrusion process is simulated by flash annealing experiments in a controlled manner.
Subsequent solutionization is also carried out in lab. In the billet discards, deformation zones,
transition of grain structure, and development of texture are characterized. In the extrudates, a
<111> <100> double fiber texture is identified and an orientation dependence of recrystallization
behavior is discovered and analyzed. Further grain structure evolution, including static
recrystallization and abnormal grain growth during the subsequent flash annealing and
solutionization treatments are also studied. With these results, the effects of extrusion parameters
on grain structure are investigated.
Small additions of Zr play an important role in controlling recrystallization in 7XXX
alloys. A study is conducted using solidification methods of static casting and directional
solidification to vary the concentration of Zr, as well as the size, number density and spatial
distribution of the Zr-containing dispersoids. The corresponding recrystallization behavior is
assessed after hot deformation and solutionization. Results show that even with a high Zr
concentration, the dispersoids are only effective in inhibiting recrystallization when they are
small in size and homogeneously distributed.

1

1. INTRODUCTION

Industrial Processing Procedures of Heat Treatable Aluminum Alloys
Aluminum alloys of 6XXX (Al-Si-Mg) and 7XXX (Al-Zn-Cu-Mg) are light weight
structural alloys with important applications in construction, automotive and aerospace industries.
These alloys are strengthened by precipitation phases and are referred to as ‘heat treatable alloys’.
The 6XXX alloys have moderate yield strengths of 250 ~ 400 MPa with the primary
strengthening phase Mg2Si, while 7XXX alloys have higher yield strengths of over 500 MPa
mainly strengthened by MgZn2.
Typical industrial processing procedures for heat treatable alloys are shown in Figure 1.1,
including casting, homogenization, hot deformation processing (extrusion or rolling),
solutionization and aging. First, the molten alloy is cast into ingots usually by Direct-Chill (DC)
casting. The ingots then go through a homogenization treatment in which they are soaked at 450
~ 520 ºC for 8 ~ 24 hours in order to modify the microstructure and prepare for the subsequent
deformation processing. During deformation processing, the alloy is shaped into sheets and
plates by rolling, and rods, tubes and other profiles by extrusion. After deformation,
solutionization is carried out followed by rapid quenching which serves to dissolve and retain
most of the alloying elements in the aluminum matrix. During the final aging treatment,
precipitation happens to strengthen the product. Among these procedures, the current work is
focused on microstructure evolution during hot deformation processing, especially the extrusion
process. Also, because the pre-deformation homogenization and the post-deformation
solutionization treatments are closely related to the deformation process, the effects of these heat
treatments are discussed as well.
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Figure 1.1 Schematic showing processing procedures of 6XXX and 7XXX aluminum
products. Exact processing temperatures vary according to the alloy composition.

Recrystallization in Aluminum Alloys
Grain structure is an important factor determining the mechanical properties of the final
aluminum products. A fully recrystallized equiaxed grain structure generally results in lower
strength compared with a deformed fibrous grain structure [1], and whether a fully recrystallized
structure or a deformed structure is desired depends on the specific alloy and its applications.
However, partial recrystallization is undesired in most cases as it deteriorates such properties as
fracture toughness and corrosion resistance of the product [2-5]. Therefore, controlling the grain
structure evolution during thermomechanical processing and avoiding partial recrystallization is
essential to optimize the mechanical properties of the final products. To facilitate a better control
of grain structure evolution, fundamental understanding in recrystallization and grain growth
mechanisms is essential.
Grain structure evolution happens by way of recrystallization and grain growth either
dynamically during hot deformation or statically during the following solutionization treatment.
Because of the high stacking fault energy of aluminum, dynamic recovery is generally more
favorable than dynamic recrystallization (DRX) in aluminum alloys as the primary restoring
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mechanism. However, under high temperature (450 ºC ~ 550 ºC) and large strain (>1), DRX still
happens in 6XXX and 7XXX alloys, and several mechanisms have been reported [6-16]
including

discontinuous

dynamic

recrystallization

(D-DRX),

continuous

dynamic

recrystallization (C-DRX) and geometrical dynamic recrystallization (G-DRX). Discontinuous
recrystallization is the classical recrystallization mechanism involving nucleation and growth. In
most cases it occurs in grain boundary regions or is stimulated by coarse particles [13-14].
Continuous recrystallization, also known as ‘extended recovery’, refers to the progressive
development of highly misoriented grains from subgrains within deformed grains [17], and has
been reported as the primary recrystallization mechanism in most of the studies [9-10,12,14-16].
Geometrical recrystallization occurs when the deformed grain is highly elongated and ‘pinch off’
to form new equiaxed grains with high-angle grain boundaries [6,12,14,16].

Aluminum Extrusion
1.3.1

Deformation process
Extrusion is a shaping process as indicated in Figure 1.2 [18], in which the billet (raw

material to be extruded) is placed in a container and flows under pressure through a die forming
rods, tubes or profiles with complex cross sections. A typical material flow pattern for the direct
extrusion process is illustrated in Figure 1.3 [19], showing distinctive deformation zones of dead
metal zone (DMZ), shear intensive zone (SIZ) and inflow zone (IFZ). As can be seen in the flow
pattern, the strain distribution in the billet and the extrudate is highly heterogeneous. The DMZ
forms at the corner of the container and the material in this zone is stationary with minor
deformation. The material in SIZ is subject to extremely high strains and flows through the die
forming the surface of the extrusion. The material in IFZ undergoes lower strains and becomes
the interior of the extrusion. The strain for the surface region of the extrudate can be 3 times the
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strain for the interior region of the extrusion [20]. This highly heterogeneous strain distribution
in extrudates leads to a grain size gradient, different propensity to recrystallization, and possibly
non-uniform grain structure, which adds to the challenge of controlling the grain structure.

Figure 1.2 Direct extrusion process. (After [18], with permission of ASM International)

Figure 1.3 A typical flow pattern for direct extrusion process showing the dead metal
zone (DMZ), the shear intensive zone (SIZ) and the inflow zone (IFZ). (After [19], with
permission of ASM International)
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1.3.2

Industrial extrusion
In industrial manufacturing of aluminum alloys, grain structure evolution happens during

extrusion and the following solutionization treatment. For 6XXX alloys, the billet pre-heating
temperature is usually 450 ºC and during extrusion the temperature rises up to ~550 ºC due to
deformation. The extrudates are quenched inline (also known as ‘press quenching’) so that Mg
and Si are retained in solid solution and no separate solutionization treatment is necessary. In this
case, the as-extruded grain structure would most likely persist through the aging treatment
ending as the final product. As for 7XXX alloys, especially the alloys with Cu in composition,
the extrusion peak temperature is limited to 500 ºC due to the lower incipient melting
temperature. Because of the narrow window between the solutionization temperature (~ 485 ºC)
and the extrusion peak temperature (500 ºC), it is difficult to obtain a fully solutionized
microstructure in extrudates and avoid incipient melting at the same time [21-22]. Therefore, a
separate solutionization treatment is necessary for 7XXX alloys during which further static
recrystallization and grain growth may happen.
It is worth noting that during industrial aluminum extrusion process, even if the extrusion
product is quenched inline, the thermal condition at the die exit is such that a static annealing
process is involved after extrusion [15]. This is because the quenching facilities are placed at a
distance from the die exit. Also, for large extrusions the cooling process may not be fast and
uniform enough to instantly suppress microstructure evolution. From previous laboratory
extrusion research, a few seconds of annealing proves to be sufficient to cause static
recrystallization and grain growth [15,23]. Therefore, when studying the microstructural
evolution during extrusion, this short annealing phenomenon due to delay of inline quenching
needs to be taken into consideration.
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A defect that can be seen in industrial extrusion products related to grain structure is
peripheral coarse grains (PCG). Peripheral coarse grains refer to the large recrystallized grains up
to 200 μm in size in the surface region of aluminum extrusions, whereas the interior of the
extrusion stay unrecrystallized. The PCG layer seriously affects mechanical properties and
surface quality [7]. Not many studies on the origin of PCG are available [15,23], and the
formation of these coarse grains is attributed to continuous recrystallization and abnormal grain
growth. During abnormal grain growth, certain grains grow at the expense of the surrounding
fine grains, resulting in a bimodal distribution of grain size [16]. However, these studies are still
limited on 6XXX and dilute 7XXX alloys without Cu and the mechanism of PCG is not
completely clear yet.
1.3.3

Laboratory scale extrusion
To obtain a clear understanding in recrystallization and grain growth mechanisms related

to extrusion, it is necessary to look into the dynamic (during deformation) and static (after
deformation) evolution processes separately. Considering the inevitable delay of inline
quenching in industrial extrusion processes, small-scale extrusion is a more convenient and
controlled way to conduct this investigation. Gϋzel et al. designed and validated a lab-scale
direct extrusion setup based on a mechanical testing frame. The setup enabled direct water
quenching of extrudate to freeze the as-extruded microstructure of a 6082 alloy [8]. Van
Geertruyden et al. also used a small-scale indirect extrusion setup in the study of a 6061 alloy
[15]. Compared with industrial-scale extrusion, lab-scale extrusion provides faster and more
uniform quenching of the extrudate to capture the dynamic process. The subsequent static
process can be simulated by separate flash annealing experiments in a controlled manner. It is
also convenient to record the temperature throughout the ramping, extrusion and cooling
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processes. Additionally, because of the small scale, the process is easier to handle, and the billet
discards (leftover material in container after extrusion) and extrudates are more convenient to
examine.
Although some microstructure analysis on aluminum extrusions have been carried out
previously [8,15,23-29], among these studies, only a few more recent ones are focused on the
recrystallization and grain growth behavior considering the dynamic and static evolution
processes respectively [8,15,23]. These studies were conducted with 6061, 6082 (Al-Si-Mg) and
7020 (Al-Zn-Mg) alloys. However, from these studies, different alloys showed differences in
recrystallization behavior, and the grain structure evolution related to continuous
recrystallization and abnormal grain growth is still not totally clear. A 7050 alloy (Al-Zn-Cu-Mg)
is chosen as the material for the current study, which is different from the previously studied
alloys because it is highly alloyed with solute contents hindering dislocation motion [27] and
contains small amount of Zr to retard recrystallization [30]. In addition, as has been reasoned in
the previous section, 7050 extrusions need to go through a separate solutionization treatment
rather than inline quenching and direct age treatment, which is another difference from the
previously studied alloys. On the other hand, in the recent years there has been increasing
interest in predicting the grain structure and texture evolution during extrusion by numerical
modeling tools, e.g. [31-32]. However, not much experimental analysis is available in literature
about the texture development in aluminum extrusions and its relationship with grain structure
evolution.
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Organization
In order to achieve better control on microstructure evolution during extrusion and
optimize the final product, the underlying mechanisms related to phase and grain structure
evolution need to be understood fundamentally. Compared with 7XXX alloys, 6XXX alloys
have less alloying elements and phase components, and more previous reports are available in
literature for 6XXX alloys. Therefore, a study on the extrudability of a 6005 alloy is used as a
starting point for this dissertation work on aluminum extrusion. Chapter 2 discusses the Mg2Si
particles in extrusion billet as a critical factor determining the billet extrudability in terms of
necessary extrusion pressure, propensity to incipient melting and age hardenability.
In order to facilitate the investigation into grain structure evolution associated with
extrusion and solutionization processes, a lab-scale extrusion setup is designed and established.
The setup enables faster water quenching of extrudate compared with industrial extrusion. In this
way, the dynamic microstructure evolution can be preserved in the as-quenched extrudates, and
the subsequent static process due to delay of industrial quenching can be simulated by separate
flash annealing treatments. Chapter 3 provides a description of the lab-scale setup. Trial
extrusion runs were conducted with temperature and load recorded to validate the setup, which is
also included in Chapter 3.
Alloy 7050 was chosen as the material for the study of grain structure evolution during
extrusion because it is so far less understood, as has been reasoned in the previous section. With
the lab-scale extrusion setup, extrusion with various temperatures and speeds was carried out on
the 7050 alloy. The water quenched extrudates and extrusion discards are analyzed with optical
microscopy and electron backscattered diffraction technique (EBSD). The recrystallization and
grain growth behavior during extrusion and the subsequent annealing processes (flash annealing
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and solutionization) are investigated and the results are presented in Chapter 4. In the first part of
Chapter 4, the transition in microstructure and texture in extrusion discards is discussed. A
relationship between grain orientation and recrystallization behavior is observed and discussed,
which has not been studied in previous literature of aluminum extrusions. The second part of
Chapter 4 deals with the grain structure evolution during flash annealing and solutionization. A
theory is proposed regarding the formation of the alternating bands of fibrous grains and
recrystallized coarse grains. The theory is compared with the Van Geertruyden et al. theory of
grain structure evolution in a 6061 extrusion [15], showing some similarities, but with critical
differences. In the remaining parts of Chapter 4, the effects of extrusion temperature and speed
on grain structure are studied. Also, the influence of Zr in the 7050 composition is briefly
discussed, while a more detailed investigation into the effect of Zr on recrystallization is
provided in Chapter 5.
Chapter 5 considers research on the role of Zr in recrystallization of a 7050 alloy. It is
known that Zr forms nano-size Al3Zr dispersoids that retard recrystallization by pinning grain
boundaries. This study focuses on the effect of the alloy thermal history on the size, number
density, spatial distribution and interface coherency of dispersoids, and the subsequent effect on
recrystallization fraction. Directional solidification (DS) is used for the first time to obtain a
gradient of Zr concentration along the ingot growth direction as a controlled analogue to the
heterogeneous Zr distribution in compositionally cored grains (dendrites) of conventional
castings. The dispersoids in the DS specimens and the conventional static casting specimens are
characterized. The recrystallization behavior in specimens after solutionization is compared and
related to the differences in dispersoids.
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Finally, the dissertation concludes in Chapter 6. In summary, this work contributes to
deeper understanding in recrystallization and grain growth behavior during extrusion of 6XXX
and 7XXX aluminum alloys. Some novel insights are provided, such as the separation of
dynamic and static processes involved in extrusion, the relationship between grain orientation
and recrystallization behavior, and the exploration of using directional solidification as an
approach to vary Zr concentration and Al3Zr dispersoids parameters. In the end, suggestions for
future work are given.
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2. EFFECT OF MG2SI PHASE ON EXTRUDABILITY OF AN AA6005
ALLOY

Introduction
Homogenization treatment for aluminum alloys is aimed to modify the as-cast
microstructure of the billet and improve extrudability. Good extrudability of a billet means lower
extrusion pressure necessary, faster extrusion speed allowed, good extrusion surface finish and
uncompromised mechanical properties of the final product [33].
Homogenization includes a soaking procedure at an elevated temperature and a cooling
step at a controlled rate. For 6XXX (Al-Mg-Si) alloys, the soaking procedure aims to dissolve
the large Si and Mg containing precipitates into the Al matrix, and to transform the plate-like βAlFeSi intermetallic particles into the more rounded α-AlFeSi particles [34-38], whereas the
cooling practice determines the precipitation behavior of Mg2Si [39]. Therefore the posthomogenization cooling process has significant influence on the following extrusion
performance of the billet and the mechanical properties of the final product.
The precipitation sequence of Mg2Si is considered as GP zone – β’’-Mg2Si – β’-Mg2Si –
β-Mg2Si [40]. The coarsening behavior of Mg2Si was reported by Usta et al. to be diffusion
controlled [41]. Large amounts of coarse β-Mg2Si particles tend to precipitate as a result of a
slow homogenization cooling rate. During extrusion, the undissolved β-Mg2Si particles in the
billet can lead to incipient melting and surface defects, which seriously limits the extrusion speed
[42-43]. Nevertheless, a fast-cooled billet with fully solutionized Mg and Si is not desired either,
because the solid solution strengthening effect would lead to a considerable rise in flow stress
during extrusion, making the billet more difficult to extrude [42,44-45]. Ideally, Mg2Si particles
mostly remain undissolved after extrusion preheating but readily dissolve during extrusion
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process. Therefore, a tradeoff is necessary to modify the cooling rate during homogenization.
The metastable β’-Mg2Si, resulting from some intermediate cooling rates, has been reported to
be favorable for improved extrudability [34,40].
In this study, using different cooling practices after the same homogenization soaking
treatment, 6005 specimens with different amounts of Mg2Si particle were obtained. Hot
compression testing was conducted at extrusion temperatures to measure flow stress. The
dissolution and/or solutionization behavior during hot compression is observed as well. The
effect of Mg2Si on extrudability is discussed.

Experimental Procedures
The starting material was a 6005 alloy donated by Nanshan America in the form of
extrusion butts from an actual production run, with a diameter of 310 mm. Specimens with
dimensions of 8 mm×8 mm×12 mm were machined for further heat treatment and compression
testing.
The homogenization practices include soaking at 580 ºC for 8 hours and cooling to room
temperature by: (i) water quenching, (ii) air cooling, and (iii) furnace cooling. The temperatures
of the specimens during cooling were directly recorded by thermocouples with cooling curves
plotted in Figure 2.1 and average cooling rates between 500 ºC and 200 ºC listed in Table 2.1.
Furnace cooling was intended to represent an extremely slow cooling rate, water quenching
served as the opposite extreme, and air cooling took an intermediate cooling rate but was faster
compared with industrial cooling rates of large sections. After homogenization, the specimens
were prepared and etched with Keller’s reagent for optical metallographic observation of the
Mg2Si particles. An Olympus BX41M optical microscope was used. Quantitative analysis was
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carried out for the size distribution of the Mg2Si particles with Image J software. Vickers microhardness tests with 25 g load were conducted with the homogenized specimens using a LECO
LM247AT micro-hardness tester.
Table 2.1 Average cooling rates from 500 ºC to 200 ºC of different cooling practices
Water Quenching

Air Cooling

Furnace Cooling

~ 8300 ºC/min

50 ºC/min

2.2 ºC/min

Figure 2.1 Cooling curves of the specimens after soaking at 580 ºC for 8 hours

The homogenized specimens underwent compression tests on an MTS Insight 100SL
testing system at the typical billet preheating temperature (i) 450 ºC and the extrusion
temperatures (ii) 500 ºC and (iii) 550 ºC, with a heating rate of 42 ºC /min. The temperatures of
500 ºC and 550 ºC represent the temperature increase during extrusion due to the work of
deformation. The 0.2% engineering flow stress of the specimens at a strain rate of 0.1/min was
measured. Right after testing, the specimens were quickly quenched in water to room
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temperature in order to mostly preserve the microstructure at the test temperatures, and the tested
specimens were examined with optical microscope.

Evolution of Mg2Si during Homogenization and Hot Compression
2.3.1

Homogenization microstructure

2.3.1.1 Particle analysis
The microstructures of the specimens subject to different homogenization cooling
practices are illustrated in Figure 2.2. The microstructure consists of aluminum matrix, ironcontaining intermetallic particles and Mg2Si precipitates. The coarse particles distributed along
grain boundaries are Al-Fe-Si intermetallic particles, which are not significantly influenced by
different homogenization cooling rates. The small particles distributed within grains are Mg2Si
particles precipitated during homogenization cooling, and are affected by the cooling rate. The
size distribution of Mg2Si particles based on quantitative analysis of multiple micrographs is
shown in Figure 2.3 (a).
In the water quenched specimen, the number density and size of the Mg2Si particles are
both small. During this rapid cooling process, Mg and Si are mostly retained in the
supersaturated matrix. For the air cooled specimen, there is an obvious increase in the population
of the Mg2Si particles, and some larger sized Mg2Si precipitates can be found. The slow furnace
cooling rate of 2.2 ºC/min results in an even greater number of Mg2Si precipitates and some
larger sized particles.
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Figure 2.2 Microstructures of the homogenized 6005 specimens soaked at 580 ºC for 8
hours with different cooling practices of (a) water quenching (~8300 ºC/min), (b) air
cooling (50 ºC/min) and (c) furnace cooling (2.2 ºC/min)

Figure 2.3 Size distribution of the Mg2Si particles (a) from experimental results with
specimens cooled from soaking temperature with different rates and (b) from simulation
results with the same corresponding cooling rates
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2.3.1.2 Numerical simulation
Computer simulation based on a non-isothermal precipitation model [46] is carried out
for the nucleation, growth and coarsening behavior of Mg2Si particles with the cooling rates used
in experiments. The resulting size distribution of the Mg2Si particles is shown in Figure 2.3 (b).
For the water quenched specimens, the simulated particle sizes mostly fall into the nanometer
range, which is beyond the visibility of optical microscopy and cannot be compared with the
experimental results. For the air cooled and the furnace cooled specimens, the bimodal
distribution of Mg2Si particle size given by simulation coincides with the experimental results.
For the air cooled specimen, the second peak in the bimodal distribution corresponds to a particle
size of 0.25 μm from microstructure characterization, and 0.05 μm from computer simulation.
For the furnace cooled specimen, the corresponding particle sizes for the second peak are both
0.25 μm from simulation and experiments.
An explanation for the bimodal distribution of Mg2Si size is given here. During the
cooling process, the nucleation of Mg2Si particles starts due to supersaturation at some
temperature below the solvus temperature of the Mg2Si phase. The initially nucleated particles
later grow into larger sizes, forming the second peak in the distribution curves in Figure 2.3. As
temperature continues to drop, the free energy for nucleation increases because of the decreasing
Mg concentration in matrix, leading to a decrease in nucleation rate. However, on further cooling,
the effect of supersaturation dominates because of the increasing undercooling. The nucleation
rate starts to increase and large amounts of clusters form during this process. These clusters have
little opportunity to grow due to limited diffusion at low temperature, which is responsible for
the large amounts of nano-sized particles in Figure 2.3.
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2.3.1.3 Hardness
The room temperature hardness results of the homogenized specimens are shown in
Figure 2.4, which are consistent with the different concentration of Mg and Si dissolved in the Al
matrix. The solution strengthening effect of Mg and Si is responsible for the significant rise in
hardness as cooling rate increases. The higher hardness associated with the faster cooling rate
potentially leads to an increase in the difficulty of extrusion. However, the hardness at room
temperature alone cannot predict the corresponding extrudability at preheating and extrusion
temperatures, since the microstructure of the billet may change and softening or hardening can
occur as temperature increases. Therefore, the behavior of the billet at real preheating and
extrusion temperatures needs to be examined.

Figure 2.4 Effect of cooling rate after soaking at 580 ºC for 8 hours on the hardness of
6005 specimens

2.3.2

Flow stress
The influence of homogenization cooling rates on flow stress at preheating and extrusion

temperatures is illustrated in Figure 2.5. At 450 ºC and 500 ºC, the flow stress of the air cooled
specimens are considerably lower than that of the water quenched specimens. However, at 550
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ºC, the flows stresses of water quenched and air cooled specimens are close enough, which
indicate that Si and Mg are mostly dissolved in both cases despite the different initial
microstructure. On the other hand, the furnace cooled specimen exhibit lowest flow stress at all
testing temperature, which means incomplete dissolution of Mg2Si at even 550 ºC and is further
confirmed by microstructure examination in the next section. A slow cooling rate after soaking
can produce a billet that requires relatively low extrusion pressure, but the age hardenability of
the billet is deteriorated due to insufficient dissolution of Mg2Si particles. On the contrary, a
rapid homogenization cooling rate results in a billet that is already solutionized, but the billet
requires extra high pressure to extrude.

Figure 2.5 Effect of cooling rates on the flow stress of the 6005 specimens at
temperatures corresponding to the preheating temperature 450 ºC and extrusion
temperatures 500 ºC and 550 ºC

2.3.3

Microstructure after hot compression
The microstructures of the specimens that were water quenched after compression tests

(Figure 2.6) provide information on the dissolution or precipitation behavior of the Mg2Si
particles at elevated temperatures. Generally, with a higher testing temperature, more Mg2Si
particles become dissolved during the test, and are subsequently retained in the matrix as a result
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of water quenching. For the specimens that were subject to water quenching and air cooling
during homogenization, after compression testing at 550 ºC, the microstructures are mostly
solutionized, which is consistent with their similar flow stresses at 550 ºC. On the other hand, for
the furnace cooled specimen, the dissolution of Mg2Si particles is not complete even after testing
at 550 ºC, corresponding to the lower flow stress than the other specimens at 550 ºC.

Figure 2.6 Microstructures of 6005 specimens after compression testing at temperatures
of 450 ºC, 500 ºC and 550 ºC. The specimens are subject to different homogenization
cooling practices of water quenching, air cooling and furnace cooling

Comparing with the as-homogenized microstructure, it is also worth noting that Mg2Si
re-precipitates in the specimens during the compression tests at 450 ºC, especially in the fast
cooled specimens. This occurs because 450 ºC is still below the equilibrium solvus temperature
of 500 ºC of the Mg2Si phase, according to the Al-Mg2Si pseudobinary phase diagram [47].
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Therefore, the supersaturated aluminum matrix is unstable during reheating if the heating rate is
not sufficiently rapid. The sensitivity to preheating rate could be another drawback for fastcooled billets in addition to high flow stress, because a more carefully controlled heating rate is
required.

Conclusions
In the specimen that underwent water quenching (8300 ºC/min) after homogenization,
Mg and Si are mostly retained in the aluminum matrix. Theses specimens are likely to have good
age hardenability because of the mostly solutionized microstructure after compression testing at
550 ºC. However, these specimens exhibit high flow stress throughout the preheating and
extrusion temperature range 450 ºC ~ 550 ºC, which means that extra extrusion pressure is
necessary. Moreover, they are sensitive to the preheating rate because the dissolved Mg and Si
re-precipitate during preheating if the heating rate is too slow.
Furnace cooled (2.2 ºC/min) specimen exhibits Mg2Si precipitates largest in number and
size. Although these specimens show lower flow stress at preheating and extrusion temperatures,
many of the coarse Mg2Si particles are still not dissolved even after compression testing at 550
ºC, leading to decreased age hardenability.
For the air cooled (50 ºC/min) specimen, some Mg2Si particles exist in the ashomogenized microstructure. The flow stresses of the air cooled specimen at 450 ºC and 500 ºC
are lower than those of the water quenched specimen, but at 550 ºC the flow stress of the two
specimens are very close. After testing, it has a solutionized microstructure similar to the water
quenched specimen. Therefore, the air cooled specimen has better extrudability compared with
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the other specimens. An optimum cooling rate should lie between those of water quenching and
air cooling and is suggested for future study.

22

3. LABORATORY-SCALE EXTRUSION SETUP

Introduction
For the industrial aluminum extrusion process, grain structure evolution occurs both
dynamically during deformation and statically after deformation. The static processes include (1)
the delay of inline quenching that happens in many industrial practices, during which significant
grain structure change could happen within seconds [15,23], and (2) the subsequent
solutionization treatment, if applicable [48]. Therefore, for a clear understanding in grain
structure evolution related to extrusion, it is necessary to look into the dynamic and static
processes separately, which can be realized by using a small scale extrusion setup. However,
only limited literature is available on the design of a lab-scale extrusion setup and microstructure
evolution during extrusion considering the dynamic and static processes, respectively.
Gϋzel et al. designed and validated a lab-scale direct extrusion setup based on a
mechanical testing frame that enabled direct water quench of extrudate to freeze the as-extruded
microstructure of a 6082 alloy [8]. Gϋzel’s setup is an important reference for the current work.
However, in Gϋzel’s setup, the extrusion punch was heated on the extrusion press and the billet
and the container were heated in a furnace and transferred to the frame before extrusion.
Although the temperature drop was characterized during the transfer from furnace to the frame in
the study, this practice still adds to the difficulty of controlling the temperature. Schikorra et al.
used a small-scale backward extrusion setup that was heated in-situ by a furnace mounted on the
testing frame [25]. The microstructure evolution during extrusion, solutionization and aging
treatments were studied. Van Geertruyden et al. also used a small-scale indirect extrusion setup
in the study of a 6061 alloy [15]. The quenching of the extrudate was regarded as instant, and
subsequent salt bath annealing was used to simulate the temperature condition at the die exit
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during industrial extrusion process. Compared with industrial-scale extrusion, lab-scale extrusion
provides faster and more uniform quenching of the extrudate to capture the dynamic process. It
also enables recording of temperature throughout the ramping, extrusion and cooling processes.
Moreover, the extrusion process is easy to handle, and the microstructures of billet discards and
extrudates are convenient to examine.
In the present dissertation work, a lab-scale extrusion setup that enabled rapid quenching
was used to investigate the dynamic evolution of texture and grain structure during extrusion.
Subsequent flash annealing experiments in salt bath were developed to simulate the temperature
condition at industrial extrusion die exit in order to study the static evolution. For validation,
extrusion runs with different temperatures and speeds were carried out with a 7050 alloy, and the
temperature and extrusion load were recorded. The temperature curves of the flash annealing
processes were also recorded.

Lab-scale Extrusion Setup
The schematic and photo of the extrusion setup is shown in Figure 3.1. The material for
the hot parts, including punch, container and die, is H13 tool steel and the material for the base
frame is 1045 carbon steel. The extrusion setup is mounted on an MTS Insight testing system
with a load cell capacity of 100 kN. Boron nitride is applied between the punch, die, billet and
container for lubrication and easy release after extrusion. The inner diameter of the container is
19 mm and the diameter of the billet is 18 mm. In order to reduce the friction between punch and
container, the punch is designed with a head that is 3 mm in length and 18.8 mm in diameter (as
seen in Figure 3.1 (a)), while the rest part of the punch has a diameter of 15 mm. In addition, the
die holder on the base frame is removable so that, after extrusion, the billet discard and the die
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can be further pushed by the punch and comes out from the bottom of the container. Otherwise,
the punch, the billet discard and the die would be difficult to remove from the container.

Figure 3.1 Lab-scale extrusion setup: (a) schematic for the setup, (b) zoomed out
schematic for the setup and testing frame, and (c) photo for the setup.

Figure 3.2 7050 extrusion billet and sectioned billet discards.

For simplicity, the extrusion process is designed to be axis-symmetric as the focus of this
study would be on microstructure evolution. The billet dimensions are 18 mm in diameter and 20
mm in length. The extrusion ratio is determined by the die geometry, which is 20 in the current
case. Cylindrical extrudates with a diameter of 4 mm are produced (Figure 3.2), corresponding to
an average true strain of 3.0. A flat die (90° die angle) is used, and the maximum punch stroke is
12 mm, which means that 60% of the billet is extruded. The temperature during pre-heating,
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extrusion and cooling is recorded by a K-type thermocouple. The thermocouple is located at the
position close to the billet and the die as indicated in Figure 3.1, with the probe 1 mm to the inner
wall of the container.
During extrusion, the punch, die and billet are placed inside the container and pre-heated
on the testing frame by an MTS radiation furnace. The pre-heating process is controlled to be
slow to ensure uniform heating, which takes approximately 70 min. During extrusion, heating is
maintained until the punch reaches the maximum stroke. When extrusion starts, a push rod fixed
on the testing frame is lowered and pushes the punch down to extrude the billet. A container with
water is placed under the die to immediately quench the extrudate. The extrudates are quenched
within 1 s of exiting the die depending on the extrusion speed. When extrusion completes, the
container together with the extrusion discards inside are removed from the base frame and
quenched in water with an approximate handling time of 20 s.
Table 3.1 Matrix for extrusion parameters
440 °C

480 °C

520 °C

0.7 mm/s

Yes

Yes

Yes

1.4 mm/s

No

Yes

Yes

2.1 mm/s

No

No

Yes

Three extrusion starting temperatures are used in the experiments, 440 °C, 480 °C and
520 °C, which covers the typical temperature range from billet preheat temperature to exit
temperature in industrial 7050 extrusion practices. Punch speeds of 0.7 mm/s, 1.4 mm/s and 2.1
mm/s are used. The extrusion matrix is shown in Table 1. Because of the load cell limit (100 kN)
and the high strength of 7050 alloy, with some combinations of low temperature and high punch
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speed, the breakthrough load is too high for extrusion, which are labeled as ‘No’ in Table 3.1,
whereas the successful extrusion runs are labeled as ‘Yes’.

Validation
3.3.1

Temperature
In order to validate the lab-scale extrusion setup, extrusion runs are carried out with

different temperatures and speeds as seen in Table 3.1. Selected temperature curves recorded by
the thermocouple placed in the container near the billet and die interface and 1 mm from the
inner wall are shown in Figure 3.3, and the starting and finishing temperatures for all extrusion
runs are listed in Table 3.2. From Figure 3.3 (b), there is ~20 s delay of quenching for the
container, which means that for the billet discard a static annealing process of ~20 s is inevitably
included. However, for the extrudate, water quenching happens right at the die exit and the
annealing process is shorter than 2 s.
From Table 3.2, with the lowest punch speed of 0.7 mm/s, the temperature drops after
extrusion by 5~10 °C, whereas with higher punch speeds (1.4 mm/s and 2.1 mm/s), the
temperature rises after extrusion by 2~8 °C. In industrial extrusion practices, the temperature of
the extrudate rises up to 100 °C compared with the billet preheating temperature because of large
scale deformation [45]. However, for the current lab-scale extrusion setup, when extrusion starts,
the cold push rod comes into contact with the punch (see Figure 3.2). In addition, the extrudate
goes into the water bath below the die exit. Therefore, a higher degree of heat loss is expected for
the small-scale setup compared with industrial extrusion, and less heat is generated because of
the smaller dimensions of the billet. As the result, it is anticipated that the microstructure
evolution happened during extrusion in the current study is under a narrower temperature range
compared with industrial extrusion.
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Figure 3.3 Temperature curves for extrusion at 480 °C, 0.7 mm/s and 520 °C, 2.1 mm/s
recorded by the thermocouple in the container during (a) the overall preheating, extrusion
and quenching and (b) only extrusion and quenching processes.
Table 3.2 Extrusion starting temperature, punch speed and finishing temperature*
Starting temperature (°C)

Punch speeds (mm/s)

Finishing temperature (°C)

440

0.7

431

480

0.7

470

480

1.4

482

520

0.7

512

520

1.4

524

520

2.1

528

* The starting and finishing temperatures refer to the temperatures measured by the thermocouple
in Figure 3.2 at the time when extrusion starts and ends.

3.3.2

Extrusion load
The pressure required to initiate extrusion depends on a number of factors, including

billet dimension, extrusion ratio, preheating temperature, stem speed, friction, die design and so
on [28,49-50]. With the current extrusion setup, the load needed to initiate extrusion and
maintain a constant punch speed during the extrusion process is recorded by the load cell on the
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testing frame, as plotted in Figure 3.4. The breakthrough loads, which refer to the peak loads in
the loading curves and correspond to the moment that the first material is pushed through the die,
are listed in Table 3.3. From these results, temperature appears to have a significant effect on
extrusion load, while the punch speeds used in the current experiments only have a secondary
effect. These variations in extrusion load are related to different flow stresses of the alloy under
different temperature and strain rate. Note that the extrusion speeds used in the current 7050
experiments are relatively lower than those used in experiments with 6XXX alloys and 7XXX
alloys without Cu (2~5 mm/s) [8,15,23], which is also true for industrial practices due to the high
strength and low incipient melting temperature of 7XXX alloys [19,51]. With this limitation,
there is not much room for variation of extrusion speed for 7XXX alloys, and thus the effect of
these variations is minor.

Figure 3.4 Loading curves and breakthrough loads recorded by the 100 kN load cell for
the lab-scale extrusions at various temperatures and speeds.
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Table 3.3 Breakthrough load in kilonewtons (kN) for extrusion runs with different
temperature and speed
440 °C

480 °C

520 °C

0.7 mm/s

86.5

62.6

43.8

1.4 mm/s

N/A

68.3

48.0

2.1 mm/s

N/A

N/A

60.2

Salt Bath Annealing Experiments
After extrusion, the water quenched extrudates are first sectioned in 10 mm lengths at
positions 40-70 mm from the extrusion head and then sectioned again longitudinally to expose
the plane parallel to extrusion direction for observation. Some of the water quenched extrusion
samples are characterized, while others are used for flash annealing and solutionization. Flash
annealing experiments are carried out in a NaNO3 salt bath for 5 s and 15 s, respectively, at a
temperature of 490 °C in order to simulate the delay of press quenching in industrial extrusion. A
comparison between the temperature histories of the experimental extrusion samples and the
industrial extrusion process is shown in Figure 3.5. The purpose of carrying out the separate
annealing process is to control the static process by the annealing time and obtain a clearer
understanding in the microstructural evolution during the dynamic and static processes.
Note that this flash annealing process is not isothermal. Figure 3.6 shows the
temperatures recorded by a thermocouple attached to the samples for a number of repeated trials
with 10 s annealing time. The interval between each temperature record is 2 s. The temperature
curves for each repetition are not identical due to both the difficulty of controlling the annealing
process and the relatively long interval of temperature recording. However, in general the
temperature rapidly reaches 450~490 °C at 4 s and becomes stable at 490 °C from 9 s. The
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annealing periods used for the study of microstructure evolution are decided to be 5 s (including
~ 1 s of isothermal soaking period at 490 °C) and 15 s (including ~ 11 s of isothermal period at
490 °C).

Figure 3.5 Schematic comparison of the temperature history for (a) industrial extrusion
and (b) experimental extrusion and annealing in the current study.

Figure 3.6 Temperature curves for 10 s salt bath annealing trials.
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Summary
As the delay of quenching is mostly inevitable in industrial scale extrusion processes, it
becomes important to separate the dynamic and static processes using a lab-scale extrusion to
better understand the mechanisms related to grain structure evolution. Therefore, a lab-scale
direct extrusion setup is designed and fabricated. The setup is based on a mechanical testing
frame and consists of a container, a die, a punch, a push rod and the supporting parts. The setup
is heated by a radiation furnace on the testing frame, the extrudate is water quenched within 1 s
once exiting the die, and the billet discard is water quenched with ~ 20 s handling time. In this
way, the dynamic evolution process can be captured in the water quenched extrudates, and the
static evolution can be studied using salt bath annealing method in a controlled way.
A number of extrusion runs are carried out and the extrusion load and temperature are
recorded, showing that the setup functions well enough for the following study into
microstructure evolution. Salt bath annealing ramping curves are also plotted, indicating that the
temperature reaches 450~490 °C after 4 s of annealing. Based on the current ramping curves and
previous literature, 5 s and 15 s are chosen for the investigation into static microstructure
evolution.
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4. GRAIN STRUCTURE EVOLUTION DURING EXTRUSION AND
SOLUTIONIZATION OF AN AA7050 ALLOY

Introduction
4.1.1

Recrystallization mechanisms in aluminum alloys
Different recrystallization mechanisms have been identified for aluminum alloys in the

literature. Continuous dynamic recrystallization (C-DRX) was observed as the main
recrystallization mechanism in many previous studies, such as a 6061 alloy under torsion [16],
7050 alloys under tension or rolling [13,52], and 7075 and 7150 alloys under compression
[10,14]. The C-DRX process is different from the conventional discontinuous dynamic
recrystallization (D-DRX) in that the sub-grain boundaries gradually increase their
misorientation by absorbing dislocations and form high angle grain boundaries of the
recrystallized grains [17]. In addition to C-DRX, D-DRX associated with nucleation and grain
growth was also occasionally observed in some cases [13-14], usually stimulated by coarse
particles in grain boundary region. Geometric dynamic recrystallization (G-DRX), i.e. pinch-off
of highly elongated grains, was also found when the strain is high enough so that the widths of
elongated grains reach similar levels as the sub-grain size [12,14,16,53].
4.1.2

Recrystallization and grain growth during extrusion
Compared with simple tension or compression, extrusion is a more complex deformation

process involving heterogeneous strain distribution and effect of friction. The flow patterns for
axis-symmetric direct extrusion are influenced by the die design and friction condition and have
been established in literature [18,49]. Generally, as the result of heterogeneous deformation, the
material from the shear intensive zone (SIZ) in container forms the peripheral region of the
extrudate, whereas the material from the inflow zone (IFZ) ends up as the interior region of the
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extrudate. As a result, the peripheral region is subject to a much higher strain and is more likely
to recrystallize compared with the interior region. From a study by Duan et al., this difference in
strain could be 3 fold [20]. An extreme result of this heterogeneous strain distribution is the
development of peripheral coarse grains (PCG), referring to the large recrystallized grains (200
μm or larger) on the surface of extrusion profile that largely affects the mechanical properties
and surface quality.
As has been discussed in Chapter 3, during the industrial aluminum extrusion process,
grain structure evolution occurs both dynamically during deformation and statically after
deformation. The static processes include the delay of inline quenching which happens in many
industrial practices and the following solutionization treatment. A few recent studies are focused
on the recrystallization and grain growth behavior considering the dynamic and static evolution
processes, respectively [8,15,23]. However, the grain structure evolution related to continuous
recrystallization and abnormal grain growth is not totally clear yet. Therefore, in order to
contribute to a fundamental understanding in grain structure evolution during extrusion, the labscale extrusion setup and annealing treatments are used to look into the dynamic and static
processes.
4.1.3

Previously proposed theories of microstructure evolution and PCG formation
Peripheral coarse grain (PCG) as a defect that happens in aluminum extrusions is not new,

and the effect of extrusion parameters on the depth of recrystallization has been studied before
[20,29,54]. However, it is in recent studies that the discussion on the origin of the coarse grains
begins. A theory of PCG formation was proposed by Van Geertruyden et al. in a study on 6061
extrusion and is illustrated in Figure 4.1 [15]. Figure 4.1 (a) - (c) demonstrate the deformation
process and development of sub-grain boundaries. The convention understanding of grain
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structure evolution is shown in Figure 4.1 (d) - (f), in which dynamic recrystallization does not
happen, and it is during the annealing process that static recrystallization and abnormal grain
growth occur. The proposed theory is shown in Figure 4.1 (g) - (i), arguing that dynamic
recrystallization happens in a continuous way during deformation, forming fine recrystallized
grains, and abnormal grain growth occurs within the recrystallized grains leading to PCG.

Figure 4.1 Evoluiton of grain structure: (a) through (c) deformation process, (d) through
(f) traditional theory and (g) through (h) a theory proposed by Van Geergruyden et al.
([15], with permission of Springer).

In a followup study by Eivani et al. on a 7020 alloy [23], a modified PCG theory bansed
on the Van Geergruyden et al. theory was proposed as shown in Figure 4.2. Figure 4.2 (a) - (c)
shows the deformation process, during which subgrain boundaries form, subgrain size decreases,
and partial recrystallizaiton occurs dynamically in a continuous way. The static annealing
process starts from Figure 4.2 (d), when static recrystallization happens forming a partially
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recrystallized microstructure. In Figure 4.2 (e), abnormal grain growth happens in dynamically
recrystallized grains and normal grain growth happens in statically recrystallized grains, forming
the final coare grains as in Figure 4.2 (f). The reason for partial dynamic recrystallization in this
case rather than full recrystallization as in Van Geergruyden et al. study is likely related to the
small addition of Zr in the 7020 composition.

Figure 4.2 Another theory on evoluiton of grain structure proposed by Eivani et al. ([23],
with permission of Taylor & Francis): (a) through (c) deformation process and (d)
through (e) annealing process.

The present work considers research on the 7050 alloy, as it is different from the
previously studied 6061 and 7020 alloys in several aspects. First, 7050 alloys are among the
most challenging alloys to extrude because of their high strength and low incipient melting
temperature, which lead to limited extrusion temperature and speed [22]. Also, 7050 alloys are
highly alloyed with Mg, Zn, and Cu (~11 wt. % total alloying elements for 7050 compared with
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4 wt. % for 6061) and solute contents in the aluminum matrix hinder the dislocation motion [27].
On the other hand, 7050 alloys have Zr in composiiton, which forms Al3Zr dispersoids pinning
grain boundaries, making the alloy more resistant to recrystallization. Moreover, unlike the
6XXX alloys and 7XXX alloys without Cu, 7050 extrusions usually need to go through a
separate solutionization treatment rather than direct inline quenching.
Therefore, using the lab-scale extrusion setup and annealing treatments, the present
research aims to provide a systematic study on dynamic and static recrystallization and grain
growth behavior in 7050 alloy, and verify and modify the previously proposed theories on grain
structure evoluiton. Meanwhile, new insight into the relationship between texture and grain
structure is given in order to facilitate future work on grain structure prediction and optimization
of aluminum extrusions. The influence of extrusion temperature and punch speed, and the effect
of Zr in alloy composition are also analyzed. Sections 4.3 through section 4.5 mainly address the
grain structure variation within a single extrudate and the evolution of grain structure during
annealing in the same extrudate. The effects of extrusion parameters and Zr are discussed in
section 4.6 and section 4.7, respectively.

Experimental Procedures
4.2.1

Material
The extrusion billet material is a 7050 alloy in industrial homogenized condition,

received from Arconic Lafayette, Indiana. A typical optical microstructure etched by Keller’s
reagent (95 mL H2O, 2.5 mL HNO3, 1.5 mL HCl, 1 mL HF) is shown in Figure 4.3. The phases
in grain boundary regions are identified to be the S-phase (Al2CuMg) and Al7Cu2Fe, using
EDAX energy dispersive X-ray spectroscopy technique (EDX).
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Figure 4.3 Microstructure of the homogenized 7050 alloy for lab-scale extrusion

4.2.2

Procedures
The received 7050 alloy was machined into billets 18 mm in diameter and 20 mm in

length and extruded with the lab-scale extrusion setup as described in Chapter 3. The extrusion
ratio was 20 corresponding to a true strain of 3. For most of the extrusion runs, the maximum
punch stroke was 12 mm (~ 60% billet extruded). Additional extrusion runs with 1 mm (~ 5%
billet extruded) and 15 mm (~ 75% billet extruded) punch strokes were also carried out.
Complete extrusion was not possible with the setup because toward the end of extrusion the
pressure necessary to proceed increased dramatically. Extrusion temperatures of 440 °C, 480 °C,
and 520 °C and punch speeds of 0.7 mm/s, 1.4 mm/s and 2.1 mm/s were used (some
combinations of low temperature and fast speed were not possible due to the limit of extrusion
pressure).
In additional to the commercial 7050 alloy, an experimental 7050 alloy without Zr in
concentration was cast in-house in order to study the effect of Zr on extrusion grain structure.
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The raw materials used included Al (99.99 wt. %), Zn (99.9999 wt. %), Cu (99.999 wt. %), and
Mg (99.8 wt. %), and the weight composition of the experimental alloy measure by energy
dispersive X-ray spectroscopy (EDS) was Al-6.2Zn-2.4Mg-2.3Cu. The casting process was
carried out using a copper mold in a tilt-pour vacuum induction furnace that was evacuated and
back filled with argon. Small additions of Mg and Cu were taken from pre-made master alloys
of Al-36Mg and Al-33Cu that were cast in the same tilt-pour furnace. Extrusion billets were
machined from the cast ingots and homogenized at 485 °C for 24 h with water quenching. The
billets were also extruded by the lab-scale with the same parameters as for the commercial alloy
billets.
The water quenched extrudates and billet discards were sectioned longitudinally and
characterized by optical microscopy (OM) and electron backscattered diffraction (EBSD)
techniques. For the extrudates, sections 40~60 mm from the extrusion head were used for
characterization. Samples for OM examination were mechanically polished from 320 grit
sandpaper to 0.03 μm colloidal silica. To reveal the grain structure, etching was conducted by
immersion with a sodium hydroxide solution (10 g NaOH with 100 ml H2O).
Some of the water quenched extrusion samples were used later for flash annealing and
others for long annealing experiments. Flash annealing was carried out in a NaNO3 salt bath for
5 s and 15 s respectively at a temperature of 490 °C in order to simulate the delay of press
quenching in industrial extrusion. Long annealing, which was essentially the solutionization
treatment, was conducted in an air-circulating furnace for 1 h at 490 °C. The annealed samples
were also characterized by OM and EBSD.
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4.2.3

Characterization techniques
Optical microscopy was conducted with an Olympus BX41M microscope. Energy

dispersive X-ray spectroscopy (EDX) analysis was carried out with an FEI XL40 scanning
electron microscope (SEM) with internal standards calibration and ZAF correction. Electron
backscattered diffraction (EBSD) data were collected by an EDAX detector on the same SEM
with an acceleration voltage of 20 V, a spot size of 5 and a working distance of 19 mm. Analysis
of EBSD data and generation of inverse pole figure (IPF) maps and pole figures (PF) were
carried out by the OIM software. In these analyses, a low angle grain boundary (LAGB) was
regarded as 2° ~ 15° misorientation and a high angle grain boundary (HAGB) was regarded as
over 15° misorientation. The peripheral region of an extrudate is defined as 0~500 μm from the
surface, where peripheral coarse grains usually develops [15], and the interior region is defined
as more than 500 μm from the surface.
When necessary, grains with different orientations were analyzed separately with the data
partition function of the OIM software. An example of data partition is shown in Figure 4.4,
where the data with <100> directions aligned with the extrusion direction (< 15° deviation) were
filtered. Grain size measurement is also conducted with OIM software using a line intersection
method. More detailed descriptions of each specific case of analysis are provided in Sections
4.4.3, 4.5.1 and 4.5.2.
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Figure 4.4 An example of data partition function of OIM software with (a) the original
IPF map an (b) data filtered by lattice orientation.

Microstructure Transition in Billet Discards
4.3.1

Deformation zones
The discussions in Section 4.3 will be based on the extrusions at 480 °C / 1.4 mm/s and

440 °C / 0.7 mm/s, which best show the flow pattern and the texture with relatively less
recrystallization. Figure 4.5 shows the optical microstructure of the water quenched extrusion
discard (440 °C / 0.7 mm/s) with 60% of the billet extruded, from which the flow pattern and
deformation zones can be clearly identified. With the shear intensive zone (SIZ) lying
approximately 45° to the extrusion direction and a dead metal zone (DMZ) forming at the corner
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of the container, the present flow pattern is a typical one for aluminum extrusion with moderate
friction [19].

Figure 4.5 Optical micrographs of the longitudinal section of the 7050 extrusion discard
with 60% of the billet extruded: (a) overview and details at (b) the corner of die and (c)
shear intensive zone (SIZ).

The SIZ is subject to heavy deformation and consists of highly elongated grains. The
material in SIZ is scraped from the container wall by the punch, sheared over DMZ and flows
out of the die forming the surface layer of the extrudate. As is shown in the high magnification
micrographs in Figure 4.5 (b) and (c), the highly elongated grains have an average width close to
20 μm, and fine equiaxed grains around 10 μm in size can be found both near the die entrance
and in the main part of SIZ. The strain in SIZ is so high that recrystallization happens even when
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the material is still away from the die entrance (as far as 6 mm above the die entrance). However,
it is not clear whether the recrystallization in SIZ occurred during extrusion or during the
handling time of 20 s before quenching.

Figure 4.6 Optical micrographs of the 7050 extrusion discard with 5% of the billet
extruded.

The stagnant DMZ consists of grains that are large in size with minor deformation. The
IFZ in the center of the billet is subject intermediate strains and flows through the die as the
interior region of the extrudate. A gradual increase of strain can be identified as the material
comes closer to the die based on the shape of grains. In general, this highly heterogeneous
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material flow in billet is the origin of the strain gradient in the extrudate from surface to center
that leads to non-uniform grain structure.

Figure 4.7 Optical micrographs of the 7050 extrusion discard with 75% of the billet
extruded.
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The billet discards with 5 % and 75 % extrusion completion are presented in Figure 4.6
and Figure 4.7 to demonstrate the development of deformation zones during the extrusion
process. From Figure 4.6 in which extrusion just initiates, severe deformation marked by fibrous
grains only exists close to the die entrance (position B) and the area of SIZ is rather small
compared to the 60% extruded case (Figure 4.5). Grain pinch-off, i.e. G-DRX, can be found in
this region. A DMZ with equiaxed grains is forming (position D), and the other regions in the
billet discard show moderate and slight deformation (positions C, E and F). It is worth noting
that the extrusion head is subject to almost zero strain (position A) with a grain structure very
different from the bulk part of the extrudate, which is the reason why the extrusion head is
usually discarded during industrial manufacturing. From Figure 4.7 in which 75% of the billet is
extruded, most of the grains are highly deformed. Recrystallization can be found in all the
positions A-D by way of pinching off in SIZ where strain is higher (positions A and B) and
nucleation near grain boundaries in IFZ where strain is lower (positions C and D).
4.3.2

Microstructure transition

4.3.2.1 Inflow zone
The microstructure of the same billet discard as shown in Figure 4.5 (440 °C / 0.7 mm/s
with 60% extrusion completion) is further characterized with EBSD technique in order to look
into the grain structure transition and texture development. The IPF orientation maps for
different locations in inflow zone (IFZ) are shown in Figure 4.8, illustrating the increasing strain
and the development of texture. The initial grain orientations in location A is mostly random, and
a double fiber texture gradually forms from location B to D with <100> (marked with red in
orientation maps) and <111> (marked with blue in orientation maps) lattice orientations parallel
to extrusion direction. This texture is further confirmed statistically by characterization of the
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extrudate in the next section. The area fraction for this double fiber texture within 15° deviation
is shown in Figure 4.9, showing that the texture mostly forms as the material traveling in the
container. Meanwhile, in locations B - D, fine equiaxed grains occasionally appear near the grain
boundaries, which are likely the recrystallized grains nucleated due to higher driving force in the
grain boundary region.

Figure 4.8 Orientation maps for locations A - D in IFZ showing formation of a double
fiber texture. The distance between each location is ~2 mm.

Figure 4.9 Area fractions of grains within 15° deviation of the <100> and <111> fiber
orientations at locations A - D shown in Figure 4.8.
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4.3.2.2 Shear intensive zone
The IPF maps for the SIZ are presented in Figure 4.10. Location A shows the transition
right at the corner of the die. The <100> and <111> preferred orientations become visible in the
map as the grains flow through the die becoming aligned with the extrusion direction. For
location B that is further into the container where grains are flowing approximately 45° to the
extrusion direction, if the pole for IPF is switched from extrusion direction to the material flow
direction, the double fiber texture also appears well developed. Therefore, for both IFZ and SIZ,
as strain increases, the <100> and <111> orientations tend to be parallel with the flow direction
and remain aligned as the flow direction changes.

Figure 4.10 Orientation maps for locations A and B in SIZ. Location A is at the corner of
the die and location B is ~1mm from A. The pole for IPF in A and B-1 is extrusion
direction (ED), and the pole for IPF in B-2 is 45° rotated from ED and parallel to grain
elongation direction.
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In addition, from Figure 4.10, the strain gradient and the resulting grain structure
difference is obvious. For the region closer to DMZ in the container and the region closer to
surface in extrudate, the strain is higher and more recrystallized grains exist. Rather than
nucleation near grain boundaries as seen in IFZ (Figure 4.8), recrystallization appears to happen
mostly by ways of pinch off (geometric recrystallization) and grain fragmentation (continuous
recrystallization) due to high strain.

As-extruded Microstructure
4.4.1

Dynamic recrystallization behavior

4.4.1.1 Optical micrographs
For the discussion of dynamic recrystallization behavior in extrudates, unless otherwise
mentioned, the extrudate of 480 °C / 1.4 mm/s is used here because of its partially recrystallized
microstructure. Typical optical microstructures of the longitudinal sections of extrudates are
shown in Figure 4.11. From the low-magnification micrograph, Figure 4.11 (a), constituent
particles on grain boundaries are aligned with the extrusion direction and the general grain
structure consists of a large fraction of fibrous grains and a small fraction of fine equiaxed grains.
Considering the quenching condition of the extrudate, these equiaxed grains are most likely
dynamically recrystallized. A grain size gradient is obvious along the transverse direction, with
smaller grains near the surface and larger grains in the center. From micrographs of high
magnifications (Figure 4.11 (b), (c)), compared with the interior region, the peripheral region
appears to have a higher recrystallized fraction. The material in the peripheral region of the
extrudate comes from the shear intensive zone of the billet with a higher strain and the material
in the center of the extrudate come from inflow zone with a lower strain, which explains the
difference in grain size and recrystallization fraction.
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Several recrystallization mechanisms are identified from Figure 4.11. In the peripheral
region, Figure 4.11 (b) shows what appears to be the decomposition of a fibrous grain into a
number of fine equiaxed grains as indicated by the solid arrows, resulting in alternating bands of
elongated and equiaxed grains. This ‘fragmentation’ behavior of grains is likely to be C-DRX, in
which process the subgrain boundaries (or LAGB) develop into HAGB by accumulation of
dislocations. In addition, in the extrudate of 440 °C where the overall recrystallization is not as
prominent, pinch off of the highly elongated grains is frequently found in the peripheral region
(Figure 4.11 (c)), indicating G-DRX. For G-DRX to happen, the widths of deformed grains need
to reach similar levels as the sub-grain size [55], and a critical strains was found to be 2.5 for a
6061 alloy under torsion [16]. Therefore, in the 7050 extrudate, G-DRX is only found near the
surface where strain is higher. Also, D-DRX happens in peripheral region as grain boundary
bulging and nucleation of equiaxed grains are occasionally seen as indicated by the dashed arrow
in Figure 4.11 (b), but D-DRX is much less significant compared with C-DRX and G-DRX in
this region. As for the interior region of the extrudate (Figure 4.11 (d), (e)), fragmentation and
pinch-off of grains do not exist. Recrystallization only appears to happen discontinuously by
nucleation close to grain boundaries (Figure 4.11 (d)) and in regions where intermetallic particles
segregate (Figure 4.11 (e)). The strain in this region is lower and not favorable for C-DRX and
G-DRX. Therefore, only D-DRX happens at positions of higher driving force such as grain
boundaries and particles. Because of the high stacking fault energy and low grain boundary
mobility, D-DRX is not a usual recrystallization mechanism in aluminum alloys. However, in
some cases of hot deformation, the dislocations form pile-ups near grain boundaries, giving rise
to nucleation, as has been observed by Rokni et al. [14] in a 7075 alloy after hot compression
tests.
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Figure 4.11 Optical micrographs of the longitudinal sections of the water quenched 7050
extrudate, showing heterogeneity in grain structure: low magnification (a) and high
magnification in peripheral region (b, c) and center region (d, e); all micrographs are
from the extrusion at 480 °C and 1.4 mm/s, except that (c) is from the extrusion at 440 °C
and 0.7 mm/s in which G-DRX can be identified more clearly. The extrusion direction is
horizontal.
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Figure 4.12 IPF maps from (a) peripheral region of the 480 °C / 1.4 mm/s 7050 extrusion
(step size 7 μm) and (b) interior region of the same extrudate (step size is 4 μm). HAGBs
(>15°) are delineated by black lines and LAGBs (2-15°) are delineated by light grey lines.
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4.4.1.2 Orientation mapping
The orientation imaging maps in Figure 4.12 confirmed the observations from optical
micrographs – in the peripheral regions grain fragmentation (C-DRX) occurs, whereas in the
interior region of extrudate recrystallization preferentially takes place near grain boundaries (DDRX). In addition, it is seen that in a decomposing grain, a mixture of low-angle and high-angle
grain boundaries exists, and the orientations of the recrystallized grains are close to that of the
parent grain. This observation is further evidence for C-DRX because in C-DRX process the subgrain boundaries transforms into HAGB in a continuous manner.

Figure 4.13 Pole figures for (a) peripheral region and (b) interior region of the 440 °C /
0.7 mm/s extrudate, showing two fibers of <111> and <100>.

4.4.2

Texture
For texture analysis, the extrudate of 440 °C / 0.7 mm/s is discussed here because of

lower degree of recrystallization and better exhibition of extrusion texture, with the pole figures
in Figure 4.13 and IPF maps shown in Figure 4.14. The same double fiber texture is found in the
extrudate as in billet discard, with <100> or <111> orientation of the grains aligned with
extrusion direction. Figure 4.13 shows maximum intensities of 9.317 multiples of random
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distribution (MRD) for the peripheral region and 14.324 MRD for the interior region, both
indicating a strong double fiber texture. From Figure 4.14, the general grain structure of the
extrudate consists of mostly fibrous grains and a small amount of equiaxed grains that
recrystallized dynamically.

Figure 4.14 Orientation mapping of longitudinal sections of extrudate (440 °C / 0.7
mm/s): (a) peripheral region, (b) interior region and (c) a higher magnification scan
showing both HAGBs (black lines) and LAGBs (grey lines).

From the literature, this <100> <111> double fiber texture is common for fcc materials
that are subject to uniaxial stresses and has been explained by the Taylor model [1], and has also
been found previously in 3XXX and 6XXX extrusions [15,32]. Under uniaxial loading, the
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<100> or <111> orientation of grains rotates toward the loading direction depending on the
initial grain orientation. For the current axisymmetric extrusion process, if friction and the
resulting heterogeneous deformation are not considered, the stress state is essentially
compressive in all directions and thus equivalently uniaxial, resulting in the double fiber texture.
It is also shown by Figure 4.13 and Figure 4.14 (a) (b) that the double fiber texture is
stronger in the interior region compared with the peripheral region. The peripheral region
exhibits a lower intensity of texture than interior region as seen in Figure 4.13. In the peripheral
region, the texture tends to spread toward the <112> direction, marked by the grains with purple
color with an example denoted by the dotted arrow in Figure 4.14 (a). This deviation from the
main texture near extrudate surface is likely because of the stronger effect of friction than in the
interior region, making the stress state deviate from the uniaxial state.
4.4.3

Orientation-dependent grain subdivision behavior
An interesting observation is that the <100> and <111> oriented grains appear to behave

differently in term of grain subdivision by LAGB or HAGB as seen in both Figure 4.12 and
Figure 4.14. In the peripheral region of the extrudate (Figure 4.12 (a) and Figure 4.14 (a)), the
areas denoted by solid arrows illustrate the fragmentation of the <100> orientated grains, i.e. a
deformed grain progressively transforming into fine equiaxed grains surrounded by HAGB by
way of continuous recrystallization. However, no such behavior is found in the <111> oriented
grains, as denoted by the dotted arrow in Figure 4.12 (a). Moreover, in the interior region of
extrudate where the strain is lower and recrystallization is less seen (Figure 4.12 (b) and Figure
4.14 (c)), the <100> orientated grains contain a larger amount of sub-grain boundaries and the
sub-grains are better defined, whereas the <111> orientated grains contain less sub-grain
boundaries and these LAGBs tend to align with the extrusion direction. A quantitative
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confirmation is shown in Figure 4.15, where LAGB (i.e. sub-grain boundaries) fractions over all
the LAGBs and HAGBs for <100> and <111> fibers are analyzed respectively by OIM software.
Data from EBSD for both the billet discards (locations A-D in Figure 4.8) and the extrudate (4
scans in interior region) are used, and grains within 15° deviation from <100> or <111>
orientations are considered for each fiber. From the analysis results, throughout the deformation
process, the <111> oriented grains always contain lower LAGB fractions than the <100>
oriented grains.

Figure 4.15 Fractions of LAGBs among all boundaries over 2° for <111> and <100>
oriented grains (within 15° deviation), respectively. Results are based on EBSD data in
locations A-D in Figure 4.5 and in extrudate interior region.

Few previous reports are available about this selective grain subdivision in aluminum
extrusions, but this behavior does coincide with the Van Geertruyden et al. observations in a
6XXX extrusion [15]. In this study, the <100> and <111> fiber texture were also identified, and
fine equiaxed grains only existed in the <100> bands whereas the <111> bands consisted of
highly elongated grains. Another similar phenomenon was reported by Somerday and
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Humphreys in an Al-Mn alloy under plane strain deformation, where the {110} <001> Goss
oriented grains were stable, but grains with other orientations were easier to recrystallize [56].
The reason for such orientation-dependent recrystallization behavior is not completely
understood yet, but is most likely related to different slip patterns and dislocation structures
formed within the grains with different orientations, with a detailed discussion provided as below.
It has been reported that different dislocation structures form in <100> and <111>
oriented grains in aluminum. From a series of studies of Huang, Hansen and Winther with a pure
aluminum polycrystal under uniaxial tension, based on extensive Transmission Electron
Microscopy (TEM) observations, grains with <100> aligned with the tensile direction form
equiaxed dislocation cells, whereas grains with <111> direction aligned with tensile direction
form dislocation cell bands that are parallel to each other [58-59]. The reason is related to
different classes of active slip systems in grains with different orientations, which can be
predicted by the Schmid factor or Taylor model based on the grain orientation and loading
condition. Generally, single slip and co-planar slip systems result in parallel dislocation
structures, while multiple sets of co-directional slip systems that are easy to cross slip lead to
dislocation cell structures [59]. Examples of other types of orientation dependence of dislocation
structures in aluminum also exist [60-61]. On the basis of the different dislocation structures,
during continuous recrystallization, these dislocation structures evolve into LAGBs and HAGBs
by absorption of dislocations [57]. Therefore, the sub-grain formation and continuous
recrystallization behavior can be orientation dependent.
For the current 7050 extrusion, in the <100> oriented grains, a higher number of subgrain
boundaries develop and the equiaxed subgrains are well defined, whereas in the <111> oriented
grains, a lower number of subgrain boundaries form and tend to be aligned with the extrusion
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direction (Figure 4.12 and Figure 4.14). This observation is consistent with the results from
Huang et al. However, it is not totally clear whether the same orientation-dependent dislocation
slip behavior happens in the 7050 extrusion as in the pure aluminum under tension studied by
Huang et al. Direct confirmation would require observation of dislocation structures formed in
<100> and <111> oriented grains in the 7050 extrusions with a TEM.

Annealed Microstructure
4.5.1

Aspect ratio criterion to determine recrystallized grains
From the previously examined IPF maps in Figure 4.12 and Figure 4.14, the grains free

of sub-grain boundaries and equiaxed in shape are recrystallized grains, whereas the grains with
sub-grain boundaries and highly elongated are deformed grains. Therefore, when analyzing the
EBSD data with OIM software, the grains with aspect ratios (the width over the length of the
grain) close to unity are defined as ‘recrystallized’ and the grains with lower aspect ratios are
considered as ‘unrecrystallized’. In order to determine a threshold aspect ratio, a distribution of
grain aspect ratios is plotted in Figure 4.16, which is based on over 10000 grains with multiple
EBSD scans in both peripheral and interior regions of the extrudates. An abrupt change in
number fraction happens close to the aspect ratio of 0.3, which is believed to be a suitable
threshold value to distinguish between deformed and recrystallized grains. Therefore, grains with
aspect ratios 0.3 ~ 1 are regarded as recrystallized and grains with aspect ratios 0 ~ 0.3 are
considered deformed. Note that many of the recrystallized grains are slightly elongated along the
extrusion direction, which is reasonable because of the pinning effect of Zr-containing
dispersoids.
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Figure 4.16 Distribution of grain aspect ratios based on EBSD grain data.

4.5.2

Static recrystallization
Some of the water quenched extrusions are short annealed in a salt bath for 5 s and 15 s at

490 °C simulating the delay of quenching in commercial practice, while others are solutionized
for 1 h at 490 °C in a box furnace, with the optical microstructures shown in Figure 4.17 using
the 480°C / 1.4 mm/s extrudate as the example. In addition, Figure 4.18 presents the quantitative
analysis results of grain structure evolution in 0~500 μm peripheral region during annealing,
including recrystallized area fraction and average grain size. The recrystallized fraction results
are based on random EBSD scans with step sizes of 4 ~ 10 μm and a total area of ~1.5 mm2. The
average grain size is also calculated by OIM software with a line interception method, and scans
in recrystallized regions with higher magnifications and smaller step size (1 μm) are used to
better resolve the grains.
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Figure 4.17 Optical micrographs of the (a) water quenched 7050 extrudate (480 °C / 1.4
mm/s), the same extrudate that is annealed for (b) 5 s and (c) 15 s and (d) 1 h.

Figure 4.18 Recrystallized area fraction and average grain size of recrystallized grains in
the peripheral region of 7050 extrudate (480 °C / 1.4 mm/s) in as-quenched state and after
5 s, 15 s and 1 h heat treatments at 490 °C.
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From the results in Figure 4.17 and Figure 4.18, SRX and grain growth happened in the
extrudates during annealing treatments. Static recrystallization is mainly observed in the 5 s
annealed sample evidenced by an increase in recrystallized area fraction from 17.9% to 32.4%
compared with the as-extruded state. The 15 s annealed and 1 h solutionized samples do not
exhibit significant further increase in recrystallized area fraction, indicating that the stored
energy is mostly released by partial recrystallization during the first few seconds of annealing.
Meanwhile, grain growth is obvious during the whole annealing process from 5 s to 15s and 1 h.
After 1 h solutionization, all the fine recrystallized grains are replaced by large grains and the
final size of these grains are limited by the width of the recrystallization bands. The final
microstructure after solutionization consists of alternating bands of elongated and recovered
grains and bands of equiaxed recrystallized grains that have grown to their limiting size.
4.5.3

Abnormal grain growth
The grain growth behavior during the 5 s and 15 s short annealing appears to be abnormal

to some extent as is illustrated by the IPF map and optical micrograph in Figure 4.19. Within the
region of recrystallized grains, some large grains are surrounded by fine grains with an example
indicated by the arrow. In previous studies by Van Geertruyden et al. [15] and Eivani et al. [23],
large recrystallized grains in peripheral region of a 6XXX and a 7020 extrusion are attributed to
abnormal growth of the recrystallized grains. Within the recrystallized fine grains, some grains
consume the surrounding grains and grow to a large size in a matter of seconds. The grain
growth behavior of recrystallized grains that is observed in the current 7050 alloy is believed to
follow a similar mechanism. However, PCG is not formed in this 7050 extrusion because the
recrystallized grains only exist in narrow bands, the growth is stopped by the adjacent fibrous
grains and the final grain size is limited by the band width.
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Figure 4.19 Abnormal grain growth behavior of the 7050 extrudate (480 °C / 1.4 mm/s)
annealed at 490 °C for 5 s: (a) IPF map (step size 1.5 μm) and (b) optical micrograph.

Effect of Extrusion Parameters
4.6.1

As-extruded condition
Different combinations of extrusion temperature and punch speed are used to study their

effects on grain structure. Extrusions with the same punch speed of 0.7 mm/s but different
temperatures of 440 °C, 480 °C and 520 °C are compared for effect of temperature, and
extrusions with the same temperature of 520 °C, but punch speeds of 0.7 mm/s and 1.4 mm/s are
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used to show the effect of punch speed. According to the optical micrographs of the water
quenched extrudates in Figure 4.20, variations in extrusion temperatures and punch speeds do
not substantially change the overall grain structure as a mixture of elongated and equiaxed grains
or the occurrence of C-DRX, D-DRX and G-DRX mechanisms, but quantitatively influence the
recrystallized area fraction. Also, the recrystallized area fractions obtained from EBSD analysis
for different extrudates are plotted in Figure 4.21 as supporting information for the influence of
extrusion parameters. Note that the high extrusion temperature of 520 °C results in local melting
and hot shortness (Figure 4.20 (b)), which is usually avoided in industrial extrusion, but with
focus of the current study on grain structure evolution these extreme extrusion parameters are
still used for comparison.

Figure 4.20 Optical micrographs of water quenched 7050 alloys extruded at different
temperatures and punch speeds.

Based on Figure 4.20 and Figure 4.21, the effect of extrusion temperature on
recrystallized fraction is significant. A higher temperature increases the recrystallization fraction
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from 4.2% at 440 °C to 19.2% at 480 °C and 44.8% at 520 °C in the as-extruded state. With the
low extrusion temperature of 440 °C, the as-extruded grain structure is highly fibrous with
serrated boundaries, indicating that the dynamic softening mechanism is mainly recovery rather
than recrystallization. At a higher extrusion temperatures of 480 °C and 520 °C, larger amounts
of fine equiaxed grains exist in microstructure, recrystallized mainly in a continuous way in the
peripheral region and in a discontinuous way in the interior region.

Figure 4.21 Recrystallized area fraction in the peripheral region of the extrudates
annealed for 5 s, 15 s or solutionized for 1h.

On the other hand, changing the punch speed from 0.7 mm/s to 2.1 mm/s at 520°C only
slightly decreased the recrystallized fraction. Firstly, the punch speeds used in extrusion
experiments are 0.7 mm/s, 1.4 mm/s, and 2.1 mm/s, corresponding to extrudate exit speeds of 14
mm/s, 28 mm/s and 42 mm/s, respectively. These speeds are relatively slow as they are limited
by the lower extrudability of 7050 alloy compared with 6XXX and dilute 7XXX alloys. This is
also true for industrial extrusion of 7XXX alloys with typical exit speeds of 13 ~ 42 mm/s for Al-

63
Zn-Mg-Cu alloys and speeds higher than 83 mm/s for Al-Mg-Si alloys [19]. Therefore not much
variation in extrusion speed is allowed for the 7050 alloy, and the effect of the variation is not
significant. Secondly, for the current lab-scale extrusion setup, extrusion is completed within 6 ~
19 s depending on the punch speed, and the extrudate is water quenched soon after exiting the
die. A slower punch speed means that the extrudate would stay at high temperature for a longer
period of time, which increases its recrystallized fraction.
4.6.2

Annealed condition
As for recrystallization in different extrudates during short annealing and solutionization,

for the 520 °C high temperature extrusions, there is no significant increase in recrystallized area
after short annealing or solutionization (1.3% and 2.8% respectively for the two punch speeds
used), probably because extensive recrystallization already occurred dynamically releasing most
of the stored energy. For the 480 °C intermediate temperature extrusion, the recrystallized
fraction increases considerably from 19.2% to 35.12% after 5 s annealing, and slightly further
increases after 15 s and 1 h treatment. For the 440 °C low temperature extrusion, the heat
treatments only increase the recrystallization fraction slightly by 4.7%. The low extrusion
temperature promotes recovery rather than recrystallization and the resulting grain structure
keeps stable during heat treatments. Temperatures of 520 °C and 440 °C are at or slightly beyond
the limits of the current industrial extrusion temperature range, and for most of the time during
industrial extrusion the alloy is at temperatures within this range. Therefore, although at
extremely high and low extrusion temperatures the grain structure is relatively stable during heat
treatments, within this range the grain structure is likely to be sensitive to the delay of quenching
and the solutionization treatments. In addition, most of the changes in microstructure including
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SRX and grain growth happen during the very first period of annealing, i.e. during the delay of
quenching in a matter of seconds.

Effect of Zr on Extruded Microstructures
4.7.1

As-extruded condition
It is well established that small additions of Zr in some 7XXX alloys help to retard

recrystallization by forming nano-size dispersoids pinning grain boundaries [1]. The commercial
7050 extrusions discussed in the previous sections have a nominal Zr concentration of 0.08 wt. %
~ 0.15 wt. %, whereas the experimental Al-Zn-Cu-Mg alloy used in this section has similar Al,
Zn Cu and Mg concentrations but no Zr in composition. A brief discussion is provided here
about the grain structure evolution during extrusion in the experimental Zr-free alloy, while a
detailed investigation into the mechanism and effect of Zr on recrystallization will be given in
the Chapter 5.
Figure 4.22 shows the water quenched extrudates with different extrusion temperatures
and speeds. It is obvious that, for all the extrusion conditions, the degree of recrystallization is
higher and the grain size is larger in the Zr-free experimental extrudates compared with the
commercial Zr-containing 7050 extrudates shown in Figure 4.20. The extrusion temperature
significantly affects the fractions of equiaxed grains and the grain size. An overall equiaxed grain
structure is found in the 520 °C extrudate (including the extrudate core region not shown in
Figure 4.22) and less equiaxed grains are present as temperature decreases. Also, a decrease in
extrusion temperature results in smaller equiaxed grains, with much smaller grains in the 440 °C
extrudate. On the other hand, no significant effect of punch speed on grain structure is observed,
which is consistent with the results from the Zr-containing billets.
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Figure 4.22 Water-quenched extrusion microstructures of Zr-free Al-Zn-Cu-Mg (7050)
alloy with different extrusion temperatures and punch speeds.

4.7.2

Annealed condition
Because the 520 °C extrudate is already fully recrystallized with large grain size in the

as-extruded state, the subsequent annealing phenomena are of less interest for the current study.
Figure 4.23 shows the grain structures for the 480 °C and 440 °C extrudates after 10 s salt bath
annealing treatments, where both extrudates transformed into full equiaxed microstructures,
including both peripheral and interior region. Full static recrystallization occurred rapidly within
10 s in the Zr-free extrudates, whereas the Zr-containing extrudates only exhibited limited static
recrystallization even after 1 h solutionization (Figure 4.20 and Figure 4.21).
In summary, the presence of Zr is critical to grain structure control during extrusion of
the 7050 alloy. The absence of the pinning effect from Zr leads to dramatic increase of
recrystallized fraction and grain size after extrusion, and full recrystallization after 10 s annealing.

66
Zirconium or elements with similar pinning effects (e.g. Cr, Mn [62]) should always be used
during extrusion if a fully recrystallized microstructure is not desired.

Figure 4.23 Microstructures for water-quenched extrudates after 10 s annealing in salt
bath at 490 °C with extrusion parameters (a) 480 °C / 0.7 mm/s and (b) 440 °C / 0.7
mm/s.

Summarizing Remarks
In general, for the 7050 alloys extruded with different processing parameters compared
with the 6XXX and dilute 7XXX alloys studied previously [8,15,23], the deformed grain
structure is mostly preserved, DRX does not occur on a large scale and no PCGs are found. This
is not surprising because, on one hand, the extrudate is quenched fast by the lab-scale extrusion
setup in the current study to avoid static recrystallization. On the other hand, 7050 has 0.08~0.15
wt. % Zr which forms nano-size dispersoids. The dispersoids create pinning force on dislocations
and grain boundaries [17] and suppress recrystallization. Due to the higher recrystallization
resistance, recrystallization happens only in some <100> oriented grains in the peripheral region
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of extrudate while the <111> grains remain stable and this phenomenon turns out to be a critical
factor determining the final grain structure. The mechanism is related to deformation
heterogeneity within grains, but further investigation is needed. This relationship between texture
and continuous recrystallization could be taken into consideration in future work of
microstructure prediction, and could potentially help reduce recrystallization fraction by
manipulating the texture.

Figure 4.24 Schematic graphs showing the evolution of the 7050 peripheral grain
structure during the processes of (a) and (b) extrusion, (c) delay of quenching, and (d)
solutionization. The solid lines represent HAGB and the dotted lines represent LAGB.

A summary of the grain structure evolution in the peripheral region during extrusion and
heat treatments is given in the schematic graphs in Figure 4.24. During extrusion, a double fiber
texture forms with <100> or <111> orientations aligned with extrusion direction, and LAGBs
develop in the deformed grains (Figure 4.24 (a)). In the <100> oriented grains, more LAGBs
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form and the subgrains can be better defined. The LAGBs in some of the <100> grains further
evolve into HAGBs forming the continuously recrystallized grains (Figure 4.24 (b)). However,
in the <111> oriented grains, the LAGBs are less in number and tend to align with the extrusion
direction, and after extrusion they do not recrystallize (Figure 4.24 (a) (b)). During the
subsequent static annealing processes, the recrystallized <100> oriented grains are subject to
abnormal growth (Figure 4.24 (c)) but are stopped by the adjacent <111> oriented grains, and
final grain size is limited by the width of the <100> bands (Figure 4.24 (d)).

Conclusions
In the present study, a lab-scale extrusion with rapid quenching is used to extrude a 7050
alloy. The extrudates go through short annealing as a simulation to the delay of press quenching
in industrial extrusion, and solutionization is also carried out because it is usually a necessary
step for 7050 alloys. Recrystallization and grain growth behavior of the 7050 alloy during
extrusion and subsequent annealing processes is studied. Extrusions with different temperatures
and speeds are also compared.
(1) In billet discards, deformation zones including SIZ, DMZ and IFZ are observed,
indicating a typical flow extrusion pattern. Due to different magnitude of strain, recrystallized
grains nucleated in grain boundaries regions are found in IFZ, whereas continuous and geometric
recrystallization happens in SIZ. In SIZ, strain is high enough for recrystallization to happen
even at positions 6 mm from die entrance.
(2) A double fiber texture with <100> and <111> orientations aligned with extrusion
direction is found both in billet discard and in extrudate as the result of axis-symmetric
compression. Near the surface of extrudate grains tend to rotation toward <112> from the double
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fiber orientations due to higher influence of friction. The <100> oriented grains tend to form
more sub-grain boundaries and are more likely to recrystallize continuously during deformation,
whereas the <111> oriented grains contain less sub-grain boundaries and are not associated with
continuous recrystallization, resulting in alternating bands of recrystallized grains and elongated
grains in the peripheral region of extrudate. This orientation-dependent grain subdivision
behavior is likely related to different dislocation structures formed and deformation
heterogeneity developed within grains.
(3) The grain structures of water quenched extrudates consist of a mixture of deformed
grains and dynamically recrystallized grains. C-DRX is identified to be the primary
recrystallization mechanism in the peripheral region because of higher strain with G-DRX and
D-DRX being the secondary mechanisms, whereas D-DRX near grain boundaries and particles is
the main recrystallization mechanism in the interior region due to lower strain.
(4) Flash annealing of the extrudates for 5 s and 15 s at 490 °C increases the
recrystallized fraction and the average size of the recrystallized grains, and most of the grain
structure changes happen during this period. After the 1 h solutionization at 490 °C the final
grain structure consists of elongated grains that are recovered and recrystallized grains that have
grown to their limiting sizes. Grain growth of the recrystallized grains is found to be abnormal
and the final grain size is limited by the width of the recrystallization bands.
(5) As for the effects of extrusion parameters (440°C, 480°C and 520°C extrusion
temperatures, 0.7mm/s and 2.1mm/s punch speeds), a higher extrusion temperature increases the
recrystallized fraction considerably, but the punch speed does not have significant effect on grain
structure.
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(6) Zirconium is a necessary factor to control recrystallization in the 7050 alloy, without
which full recrystallization occurs within 10 s of post-extrusion annealing.
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5. THE ROLE OF ZR IN RECRYSTALLIZATION OF AN AA7050
ALLOY

Introduction
It is known that partial recrystallization is detrimental to the strength, fracture toughness
and corrosion resistance of the aluminum product [2-5]. In 7050 alloys, Zr is added in small
concentrations (0.05-0.13 wt.%) to inhibit recrystallization by forming Al3Zr dispersoids with
L12 crystal structure. The dispersoids are nano-sized and are able to retard grain boundary
motion by Zener pinning during hot deformation and annealing [1,63-64]. In typical industrial
production, Zr is largely retained in solution after casting and the Zr-containing dispersoids
precipitate during the following homogenization treatment.
The effect of dispersoids on inhibiting recrystallization is dependent on their size
distribution, number density and spatial distribution. In order to increase the pinning force and
prevent recrystallization, a high number density of dispersoids with small size and uniform
spatial distribution is desired [1,65]. Unfortunately, in many cases the spatial distribution of
dispersoids is heterogeneous within grains due to microsegregation of Zr during solidification.
The Al-Zr system contains a peritectic reaction at low Zr concentrations [66], so Zr concentrates
toward the grain (dendrite) center, following the Scheil model with a partition coefficient of
kZr=1.4 [67]. Therefore, more dispersoids precipitate near the center of grains, and in some cases
dispersoid-free zones are found near grain boundaries [67-68]. Moreover, after homogenization
insoluble Fe- and Si-containing intermetallic phases and undissolved S-phase (Al2CuMg) exist in
the grain boundary regions and can potentially stimulate recrystallization [13,68]. These factors
combine to increase the challenge of suppressing recrystallization in the grain boundary regions.
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The effects of Zr concentration and homogenization practices on formation of Al3Zr
dispersoids and on recrystallization behavior have been extensively studied [67-71]. A higher Zr
concentration generally leads to a higher number density of dispersoids and homogenization
temperature influences the size, number and distribution of dispersoids. Modified
homogenization practices have been proposed to promote a finer and more uniform dispersion of
Al3Zr precipitates compared with conventional homogenization. Pre-soaking at lower
temperatures increases undercooling and supersaturation of Zr and facilitates precipitation of
Al3Zr dispersoids [72-74]. This modified 2-step homogenization practice is used in the present
study.
With the method of directional solidification, the segregation of alloying elements can be
varied along the length of the ingot in a controlled manner. Directional solidification of a
commercial 7050 alloy has been carried out by Xie et al. [75] in order to study microsegregation
of the alloying elements, and the distribution of the elements along the growth direction followed
a modified Scheil model. The present study uses directional solidification to obtain a gradient of
Zr concentration along the growth direction as a controlled analogue to the heterogeneous Zr
distribution inside the compositionally cored grains (dendrites) of conventional castings. The
recrystallization behavior of these specimens is then assessed after thermomechanical treatments.
For comparison, static casting is also used to produce ingots that exhibit segregation of Zr within
individual dendritic grains. The aim of the present study is to investigate the evolution of Al3Zr
dispersoids in terms of size, number and distribution, and the corresponding effect on
recrystallization over different Zr concentrations and thermal histories of 7050.
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Experimental Procedures
5.2.1

Solidification approaches
Two solidification methods were used to fabricate the 7050 specimens: static casting (SC)

and directional solidification (DS). In order to minimize the presence of Fe-containing
intermetallic phases to reduce microstructural complexity and eliminate their effect on
recrystallization, alloys in this study were made in-house with pure metals. The raw materials
used include Al (99.99 %), Zn (99.9999 %), Cu (99.999 %), Mg (99.8 %), and Zr (99.8 %). All
alloy compositions are given in weight percentages unless otherwise noted. Small additions of
Mg and Cu were taken from pre-made master alloys of Al-36Mg and Al-33Cu that were cast in a
tilt-pour vacuum induction furnace. For the small Zr additions, an Al-88Zr master alloy was
made by arc-melting on a water-cooled copper hearth under argon.
Static casting was carried out using a copper mold in a tilt-pour vacuum induction
furnace that was evacuated and back filled with argon. With this method, two experimental 7050
ingots 23 mm in diameter and 90 mm in length with nominal compositions of Al-6.2Zn-2.4Mg2.3Cu-0.13Zr and Al-6.2Zn-2.4Mg-2.3Cu were prepared. Specimens were sectioned from the
center region of each SC ingot. As for directional solidification, a Al-6.2Zn-2.4Mg-2.3Cu-0.13Zr
alloy was first statically cast as described above and then remelted and directionally solidified by
induction heating in a static helium atmosphere. With the DS facility shown in Figure 5.1, the
process was accomplished by moving the crucible vertically downward through the induction
coils at a speed of 25 mm/h. The alloy solidified upward in an alumina crucible. A DS ingot 19
mm in diameter and 125 mm in length was obtained and specimens were sectioned from the top
and bottom of the ingot containing low and high Zr concentrations respectively.
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Figure 5.1 Directional solidification facility

It should be noted that the SC process described above involved a much faster cooling
rate compared with the DS process. In the SC process the molten alloy was poured into the
copper mold where solidification was complete within seconds. Whereas, in the DS process the
cooling rate was much slower. The cooling rate for the DS ingot was measured in a separate
calibration run. The temperature at the position (15 mm up from the bottom) corresponding to
the specimen taken from the bottom of the ingot was recorded with a K-type thermocouple. The
average cooling rate of the bottom specimen was measured to be 0.03 °C/s (110 °C/h) during the
5-hour DS process. At the end of the DS run after all the material passed through the heating
zone, the induction power was turned off, and a faster average cooling rate of 0.4 °C/s was
recorded. The top specimen that solidified last was also expected to have a cooling rate close to
0.4 °C/s, which was faster than the bottom specimen, but much slower than the SC ingot.
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5.2.2

Specimens from SC and DS ingots
The alloy compositions and solidification approaches were designed so that specimens

with different Zr distributions could be obtained. For the statically cast ingots, Zr distribution
should be generally uniform over the length scale of the ingot, but should not be uniform at the
length scale of dendrites. Due to microsegregation, higher Zr concentrations were expected at the
center of dendrites with lower concentrations expected toward interdendritic region. As for the
DS ingot, a Zr concentration gradient was expected along the length of the ingot, with a higher
concentration at the bottom and a lower concentration at the top, corresponding to the
microsegregation profile inside a single grain in the case of static casting.
Table 5.1 Information for specimens from the statically cast and directionally solidified
ingots*
Solidification

Position on

Measured composition

method

the ingot

(wt.%)

Specimen ID

Static
SC-0

Center

Al-6.2Zn-2.3Cu-2.4Mg

Center

Al-6.2Zn-2.3Cu-2.4Mg-0.11Zr

Top

Al-6.6Zn-3.4Cu-4.3Mg-0.03Zr

Bottom

Al-5.1Zn-1.6Cu-2.2Mg-0.11Zr

casting
Static
SC-0.11
casting
Directional
DS-0.03
solidification
Directional
DS-0.11
solidification
* Standard composition ranges for AA7050 is 5.7-6.7 Zn, 2.0-2.6 Cu and 1.9-2.6 Mg.

The overall concentrations of Zn, Mg and Cu in specimens were measured by EDAX
energy dispersive X-ray spectroscopy (EDS) in an FEI XL40 scanning electron microscope
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(SEM) with internal standards calibration and ZAF correction. The overall concentration of Zr
was measured using optical emission spectroscopy (OES) bulk analysis with an accuracy of
0.0001 wt.% by Element Materials Technology, Daleville, IN. The specimens were designated
according to their solidification method and measured Zr concentration. The specimen from the
Zr-free static cast ingot was denoted as “SC-0” and the specimen from the Zr-containing ingot as
“SC-0.11”. The specimen from the top of the DS ingot was denoted as “DS-0.03” and the
specimen from the bottom as “DS-0.11”. A summary of specimen information, including
composition, solidification method and specimen position is listed in Table 5.1.
5.2.3

Homogenization, rolling and solutionization
A schematic figure for the processing procedures is shown in Figure 5.2. Specimens (15

mm diameter X 10 mm long) that were sectioned from the DS and SC ingots went through the
same homogenization, rolling and solutionization procedures. The specimens were heat treated
with two-step homogenization (420 °C for 5 h and 480 °C for 24 h) followed by water quenching.
Then the specimens were heated to 450 °C and rolled to 50% reduction in 2 passes, and
subsequently quenched in water. Solutionization was conducted at 480 °C for 1 h followed by
water quenching. Finally, specimens were cut from the rolled and solutionized specimens for
microstructure characterization on the rolling direction (RD) - normal direction (ND) plane as
depicted in Figure 5.2.
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Figure 5.2 Casting processes with resulting microstructures and schematics of the
subsequent thermomechanical processing and specimen preparation. The DS
microstructures are taken from the mid-length region of the DS ingot, and the SC
microstructures are taken from the mid-length region of the Al-Zn-Mg-Cu SC (SC-0)
ingot.

Metallographic specimens were mechanically polished with a final step of 0.03 μm
colloidal silica and characterized by optical microscopy and field emission scanning electron
microscopy in an FEI XL40 SEM. An etchant of sodium hydroxide solution (10 g NaOH, 100 ml
H2O) was applied on specimens by swabbing for 2 min to reveal the grain structure. Elemental
compositions of intermetallic phases along the grain boundaries were measured by EDS in the
SEM. The size distribution and number density of Zr-based dispersoids were quantitatively
analyzed using Image J software on high-resolution micrographs with 3 random views close to
grain centers for each condition. The area number density of dispersoids was converted to
volumetric values with Saltykov’s stereological method [76] and dispersoid volume fractions
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were determined assuming spherical particles having the average diameters of each bin range of
distributions.

Microstructure Evolution Through Processing
5.3.1

Solidification microstructure
The as-solidified microstructures of the 7050 ingots that were statically cast and

directionally solidified are shown in Figure 5.3. The eutectic phases in the interdendritic regions
(Figure 5.3 a - c) are found by microanalysis to exhibit overall compositions in the range of 5561 at.% Al, 10-17 at.% Zn, 9-13% at.% Cu, and 14-17 at.% Mg. Another phase having
compositions close to the S-phase, Al2CuMg (53-60 at.% Al, 19-23 at.% Cu and 18-21 at.% Mg)
is also present in the interdendritic regions. There are no Fe- or Si-containing phases because the
alloys were made from the high-purity metals. In addition, a difference in dendrite arm spacing is
noticeable. The SC specimens exhibit an equiaxed grain structure with an average secondary
dendrite arm spacing of 26 μm, whereas the DS specimens have a columnar grain structure with
no obvious secondary dendrite arms, and the average primary dendrite arm spacing is 156 μm for
specimen DS-0.11 (bottom of the DS ingot) and 119 μm for DS-0.03 (top of the DS ingot).
These differences are related to the faster cooling rate of SC process and slower cooling rates of
the DS process.
Inside the grains the size and amount of precipitates are different among the specimens.
These precipitates are too small in size for quantitative EDS analysis but according to their
morphology and the alloy composition they are probably η-phase that precipitates during cooling
after solidification. The observed variations of these η-precipitates in size and number are
consistent with the different cooling rates of the specimens. The SC specimens are cooled fast
during solidification and do not show precipitation inside grains. Specimen DS-0.03 has fine
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irregular shaped precipitates that are only visible at high magnification (Figure 5.3 d). Specimen
DS-0.11 is cooled slowly during the DS process (0.03 °C/s) and has both the small and large
needle-shaped precipitates inside the grains (Figure 5.3 c and e), and the number density of the
precipitates appears higher than specimen DS-0.03.

Figure 5.3 SEM micrographs for specimens SC-0.11 (a), DS-0.03 (b and d) and DS-0.11
(c and e) in as-solidified state, showing eutectic structure and S-phase in interdendritic
regions and η-phase precipitates within dendrites.
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Figure 5.4 Unetched optical micrographs for specimens SC-0.11 (a), DS-0.03 (b) and DS0.11 (c) in as-homogenized state and an SEM micrograph (d) showing an example of
undissolved S-phase (grey) and η-phase (white) in interdendritic region after
homogenization.

5.3.2

Homogenization microstructure
The microstructures of the SC and DS specimens after homogenization at 420 °C for 5 h

followed by 480 °C for 24 h are shown in Figure 5.4. The optical micrographs (Figure 5.4 a - c)
show that the eutectic structures are eliminated, but the intermetallic phases are not totally
dissolved in any specimens examined. As a reference, the equilibrium volume fractions of Sphase were calculated by Thermo-CalcTM using the TCAL1 database (Table 5.2), based on the
overall compositions at a soaking temperature of 480 °C. However, due to the limited soaking
time, equilibrium is usually not achieved, and specimen DS-0.11 still shows a small fraction of

81
intermetallic phases present even if the equilibrium volume fraction of S-phase is zero. The SEM
reveals that there are two different intermetallic phases in the interdendritic areas (Figure 5.4 d).
According to EDS, the composition of the white phase is 33-34 at.% Al, 15-19 at.% Zn, 18-20 at.%
Cu and 28-33 at.% Mg, which is close to η-phase, and it is surrounded by a grey phase whose
composition is 53-54 at.% Al, 20-22 at.% Cu and 24-26 at.% Mg, which is close to the S-phase.
Table 5.2 Equilibrium volume fraction of S-phase in SC and DS specimens at
homogenization temperature 480 °C calculated by Thermo-CalcTM using the TCAL1
database

Specimen

Composition

Equilibrium volume fraction of
S-phase

SC-0 & SC-0.11

Al-6.2Zn-2.3Cu-2.4Mg(-0.11Zr)

0.5%

DS-0.03

Al-6.6Zn-3.4Cu-4.3Mg-0.03Zr

1.8%

DS-0.11

Al-5.1Zn-1.6Cu-2.2Mg-0.11Zr

0%

The Zr-containing dispersoids in as-homogenized microstructures are characterized with
FEG-SEM. With careful specimen preparation and adjustment of SEM parameters, the
dispersoids can be resolved at a relatively low magnification so that the spatial distribution on
the scale of the dendritic structures is seen as in Figure 5.5. As denoted by arrows, the prior
interdendritic regions are identified by the location of intermetallic phases. Despite the 2-step
homogenization practice, in specimen SC-0.11, heterogeneity of dispersoid distribution still
exists, with lower number densities of dispersoids resolved near interdendritic regions. Whereas
the DS specimens exhibit more uniform dispersoid distributions, and no large dispersoid-free
zones are found.
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Figure 5.5 FEG-SEM pictures showing the heterogeneous distribution of Al3Zr
dispersoids in the statically cast and homogenized 7050 ingot (a, specimen SC-0.11) and
homogeneous distribution on transverse section of the directionally solidified and
homogenized AA7050 ingot (b, specimen DS-0.11).
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Figure 5.6 FEG-SEM micrographs of the Al3Zr dispersoids and the corresponding size
distribution of dispersoids for specimen SC-0.11 (a, d), DS-0.03 (b, e) and DS-0.11 (c, f)
in as-homogenized condition.

Figure 5.6 shows the morphology and size distribution of the Zr-dispersoids as measured
near the center of grains. Note that the x-axis in size distribution is logarithmic rather than linear
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according to the stereographic method used. Quantitative analysis results including average size
and number density of the dispersoids are listed in Table 5.3. The average sizes of dispersoids
are similar for specimen SC-0.11 and specimen DS-0.03. As for specimen DS-0.11, the average
dispersoid size is larger, the spread of the distribution is wider and the fraction of large
dispersoids (>54.7 nm) is higher.
Table 5.3 Average diameter (± one standard deviation) and number density of Al3Zr
dispersoids in SC and DS 7050 specimens after homogenization
SC-0

SC-0.11

DS-0.03

DS-0.11

Diameter/nm

--

27.6 ± 12/4

26.5 ± 12.4

37.1 ± 20.0

Number density/μm-3

--

1260

725

826

5.3.3

Deformation and recrystallization microstructure
Hot rolling with a starting temperature of 450 °C is carried out on the homogenized

specimens. The as-rolled microstructures of ND-RD plane for statically cast and directionally
solidified specimens are shown in Figure 5.7 (a and b). A grain size difference is obvious, with a
finer grain size for the statically cast specimens. Microstructures of the specimens after
solutionization at 480 °C for 1 h are shown in Figure 5.7 (c - f). Specimens SC-0.11 and DS-0.03
are partially recrystallized with a mixture of equiaxed and elongated grains. Specimens SC-0 and
DS-0.11 are completely recrystallized with mostly equiaxed grains.

85

Figure 5.7 Optical micrographs of SC (a, c, e) and DS (b, d, f) specimens after hot-rolling
(a, b) and then solutionization (c - f), showing different recrystallization behavior.
Rolling direction is horizontal.

Discussion
5.4.1

Effects of compositional variations
The measured average compositions for SC and DS specimens are listed in Table 5.1.

The compositions for SC specimens are close to their target compositions. As for the DS
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specimens the compositions differ from the nominal compositions due to microsegregation, with
higher Zr and lower Zn, Mg and Cu in specimen DS-0.11 which solidified first, and lower Zr and
higher Zn, Mg and Cu in specimen DS-0.03 which solidified last during the DS process.
The focus of this study is primarily on the effect of Zr concentration and spatial
distribution on recrystallization behavior. However, it is necessary here to briefly discuss the
influence of different concentrations of Zn, Cu and Mg, because they have potential effects on
the phases present and the recrystallization behavior. Among all the SC and DS specimens, with
respect to Zn Cu and Mg compositional ranges, specimen DS-0.03 is solute rich, specimen DS0.11 is solute lean and specimen SC-0 and SC-0.11 have intermediate overall compositions
(Table 5.1). These variations may have several effects.
First, the compositional variations may result in different volume fractions of η-phase
(Mg(Zn2,AlCu)) that precipitates during cooling of solidification. Slow cooling rates, high alloy
contents and low Zn:Mg ratios are favorable factors for η-phase precipitation [77]. Comparing
the DS specimens, DS-0.03 has a composition that is more prone to precipitation of η-phase, but
was cooled much faster during the DS process, whereas DS-0.11 is less prone to precipitation
with respect to composition but is cooled much slower. Based on the observation of η-phase in
Figure 5.3, the effect of cooling rate is more dominating than the effect of composition in the
present study. Slow cooling rate after solidification is the reason that specimen DS-0.11 contains
η-phase precipitates significantly larger in size and higher in number compared with other
specimens shown in Figure 5.3.
In addition, as can be seen in Figure 5.4, the intermetallic particles do not totally dissolve
after homogenization. These particles are large in size (>1 μm) and are potential nucleation sites
for recrystallization [13]. The amount of these particles is related to alloy composition. Specimen
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DS-0.03 has higher Zn, Cu and Mg contents than specimen DS-0.11, leading to a larger fraction
of undissolved intermetallic phases after homogenization, and is thus more susceptible to
particle-stimulated nucleation of recrystallization. However, specimen DS-0.03 still exhibited
retarded recrystallization after rolling and solutionization compared with specimen DS-0.11
(Figure 5.7), indicating that the influence of composition is overridden by other factors which
will be discussed later to be related to the Zr-dispersoids.
Lastly, the alloy composition also influences dispersoid precipitation kinetics. Robson
and Prangnell reported that in 7050, higher concentrations of Zn, Cu and Mg accelerate the
precipitation kinetics of Al3Zr and increase the volume fraction of dispersoids [78]. In this
consideration, the higher Zn, Cu and Mg contents of specimen DS-0.03 is favorable for Al3Zr
precipitation. However, from the results in Figure 5.6 and Table 5.3, due to the much lower Zr
concentration in specimen DS-0.03 compared with the other specimens, the average size and
number density of Al3Zr dispersoids are both the smallest in this specimen.
5.4.2

Phase change during homogenization
After homogenization, the intermetallic phases are still present in interdendritic regions,

at larger or smaller fractions, consistent with the higher or lower contents of Zn, Cu and Mg in
the specimens, respectively. The evolution of these phases during homogenization has been
reported by Deng et al. From their work, the S-phase (Al2CuMg) forms from the eutectic phases
and then dissolves back into the matrix as homogenization proceeds [79]. The results in Figure
5.4 show that the homogenization practice adopted in the present study (420 °C for 5 h and
480 °C for 24 h followed by water quenching) proceeds to the extent that the eutectic structure is
eliminated but η-phase is not totally transformed and S-phase is not fully dissolved.
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As for the Zr-containing dispersoids, with the same Zr concentration and identical
homogenization practice for specimens SC-0.11 and DS-0.11, the DS-0.11 specimen contains an
obviously lower number density of dispersoids with a larger average size. The reason can be
attributed to the slow DS process during which the Zr-dispersoids probably precipitated rather
than being retained in solution. The DS-0.11 specimen was subject to the slowest cooling rate
(0.03 °C/s) among all specimens during and after solidification. This cooling rate is much slower
than that of typical industrial DC casting in which the slowest cooling rate in an ingot is
approximately 1 °C/s [80]. Therefore, the dispersoids had much more time to precipitate during
the slow cooling process. Moreover, the temperature range over which the dispersoids initially
precipitate during cooling from liquid was probably higher for specimen DS-0.11, whereas in the
other specimens the dispersoids precipitate during pre-soaking of homogenization at 420 °C.
Precipitation at higher temperatures also leads to decrease in number density and increase in
dispersoid size [73-74].
5.4.3

Recrystallization behavior related to dispersoid parameters
For specimen SC-0, full recrystallization after solutionization is the result when there are

no Al3Zr dispersoids and thus no Zener pinning effect. As for specimen SC-0.11 with partial
recrystallization, recrystallization is retarded due to the existence of dispersoids that pin the grain
boundaries. Partially recrystallized microstructures in hot-deformed and annealed Zr-containing
AA7XXX alloys have been reported in various studies [69,74]. In these cases recrystallization
tends to start from grain boundaries, since the grain boundaries and associated second phase
particles are favored nucleation sites and regions close to grain boundaries usually contain less
dispersoids because of inverse microsegregation of Zr.

89
As for specimen DS-0.03 from the top of the DS ingot, recrystallization happens during
solutionization, but still appears to be delayed compared with the case of specimen SC-0 with no
dispersoids. Again, the dispersoid distribution near grain boundaries is crucial for inhibiting
recrystallization. In the current work, SC-0.11 has a higher mean Zr concentration but a gradient
of Zr concentration exists inside grains. Scheil calculation with a partition coefficient of 1.4
shows that the Zr concentration at the edge of dendrites is only 0.06 %. This leads to
inhomogeneous dispersoid distribution and less dispersoids near grain boundaries. Whereas DS0.03 has a lower mean Zr concentration but dispersoids distribute uniformly in grains, as is
shown in Figure 5.5. Both specimen SC-0.11 with 0.06 % Zr at dendrite edges and specimen DS0.03 with 0.03 % Zr evenly distributed exhibit partially recrystallized microstructures after
solutionization (Figure 5.7). The relatively low Zr concentration that is uniformly distributed in
specimen DS-0.03 is sufficient to create an obvious retarding effect on recrystallization.
Interestingly, specimen DS-0.11 has a high Zr content but is also completely
recrystallized. This can be related to the low number density and large size of the dispersoids
found in the as-homogenized microstructure (Figure 5.6, Table 5.3) that lead to less effective
Zener pinning. The Zener pressure PZ for coherent and incoherent particles can be calculated by
the following equations [81],
P(
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where γ is the grain boundary energy, f is the volume fraction of dispersoids and r is the average
radius of dispersoids. Clearly the smaller and coherent particles are more effective at pinning the
grain boundaries than larger and incoherent particles. Meanwhile, the coherency of the
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dispersoids is related to their size. Knipling et al. calculated a critical diameter of 52 nm for the
metastable Al3Zr to retain coherency, and observed loss of coherency for Al3Zr dispersoids
above a diameter of 70 nm [82].
For discussion of the Zener pinning effect, the volume fractions of Al3Zr dispersoids
were calculated from the size distribution data in Figure 5.6 and are listed in Table 5.4. In
addition to the overall volume fraction, volume fractions of coherent and incoherent dispersoids
were also calculated using 54.7 nm (the closest bin division of the measured size distributions) as
a critical size. In specimen DS-0.11, the overall volume fraction of dispersoids is the highest,
which is due to both the high Zr concentration and slow cooling rate in DS. The average size of
dispersoids in specimen DS-0.11 is also the largest (37.1±20.0 nm). Using the overall volume
fraction and average size of the dispersoids, DS-0.11 is predicted to have the highest Zener
pinning pressure. However, the higher proportion of larger dispersoids in DS-0.11 (Figure 5.6),
combined with the volume depending at the cube of size, results in most of the overall volume of
dispersoids in DS-0.11 consisting of the larger ones (Table 5.4). Indeed, 74% of the total volume
fraction is from dispersoids over the critical size of coherency and these incoherent dispersoids
contribute less to the pinning pressure, while in specimen SC-0.11 only 19% of the total
dispersoid volume fraction is from incoherent dispersoids. Calculating the Zener pinning
pressure for a wide distribution of particle sizes with coherent and incoherent interface types is
not straightforward. Yet the large proportion of bigger particles is most likely the main effect
explaining why the DS-0.11 specimen completely recrystallized despite its high volume of Zr
dispersoids.
In summary, the current study shows that the level of Zr concentration is only effective at
inhibiting recrystallization if the associated dispersoids have high number density, small size and
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are coherent with the matrix. In addition, the work also shows that cooling during the
solidification process can be too slow for development of effective Zener pinning by Al3Zr
dispersoids.
Table 5.4 Calculated volume fractions of Al3Zr dispersoids in SC and DS 7050
specimens
SC-0.11

DS-0.03

DS-0.11

Overall volume fraction (%)

2.6

1.4

4.7

Volume fraction of dispersoids < 54.7 nm (%)

2.1

1.0

1.2

Volume fraction of dispersoids > 54.7 nm (%)

0.5

0.4

3.5

Conclusions
In the present study, static casting (SC) and directional solidification (DS) were used to
fabricate specimens with different Zr concentrations and distribution, and the corresponding
recrystallization behavior was assessed. Specimens SC-0.11 and DS-0.03 were partially
recrystallized after rolling and solutionization, and specimens SC-0 and DS-0.11 both
recrystallized completely. The reasons were attributed to the different thermal histories that
resulted in different size, number density and spatial distribution of Al3Zr dispersoids. The
results indicate that Al3Zr dispersoids were only effective in inhibiting recrystallization when
they were small, coherent, and homogeneously distributed across dendrites.
(1) The directionally solidified 7050 ingot shows microsegregation of alloying elements,
with decreasing Zr and increasing Zn, Cu and Mg along the growth direction.
(2) After a 2-step homogenization with 5 h at 420 ºC and 24 h at 480 ºC, dispersoid-free
zones are found near grain boundaries in the statically cast ingot, whereas the distribution of
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dispersoids on the transverse section of the directionally solidified ingot is more uniform with no
obvious dispersoid-free zone.
(3) The statically cast specimen SC-0 with no Zr is fully recrystallized after rolling and
solutionization at 480 °C for 1h, whereas specimen SC-0.11 shows retarded partial
recrystallization due to pinning effect of the Al3Zr dispersoids.
(4) Recrystallization is delayed both in specimens SC-0.11 and DS-0.03 despite the large
difference in Zr concentration. The dispersoids near grain boundaries are critical in inhibiting
recrystallization, and dispersoids in specimen DS-0.03 distribute more uniformly than specimen
SC-0.11.
(5) Specimen DS-0.11 from the bottom of the directionally solidified ingot fully
recrystallized after solutionization. This is likely related to the low number density, large size
and loss of coherency of the Al3Zr dispersoids, which is the result of the slow cooling rate of
110 °C/h during directional solidification process. For effective Zener pinning of Al3Zr, slow
cooling after solidification needs to be avoided.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

Conclusions
This dissertation presents research work to document and understand the microstructure
change during hot forming and related heat treatments of 6XXX and 7XXX alloys. The
evolution of Mg2Si phase during homogenization and extrusion with effects on extrudability was
studied with a 6005 alloy, the recrystallization and grain growth mechanisms in a 7050 alloy
during extrusion was investigated using a novel lab-scale extrusion setup, and the role of Zr in
grain structure development during thermomechanical processing was studied with an
experimental Al-Zn-Cu-Mg alloy.
The precipitation hardening phase in 6XXX alloys, Mg2Si, not only determines the
mechanical properties of the extrusion product, but also influences the efficiency of the extrusion
process. For specimens that were cooled with different cooling rates after homogenization, the
evolution of Mg2Si particles during subsequent extrusion preheating was examined and the
effects of Mg2Si on extrudability were analyzed. Hot compression testing was conducted to
measure the flow stress and to serve as an analogue to the deformation process during extrusion.
The air cooled (50 ºC/min) specimen proved to have better extrudability because of a relatively
stable microstructure not prone to precipitation during preheating, a lower flow stress at 450 ºC
(extrusion preheating temperature), and easily solutionized microstructure at 550 ºC (extrusion
peak temperature).
To continue the investigation into the real extrusion processes, a lab-scale extrusion setup
was created. The inline quenching practice in industrial extrusion involves seconds of delay.
Therefore, to better understand the mechanisms related to grain structure evolution, the dynamic
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and static processes were separated using a lab-scale setup in which the extrudate was quenched
immediately. The dynamic evolution process was captured in the water quenched extrudates, and
the static evolution was studied using salt bath annealing method in a controlled way. Trial
extrusions were carried out and the loading curves and temperature curves are recorded.
The recrystallization and grain growth of a 7050 alloy during extrusion and subsequent
annealing was investigated with the lab-scale extrusion setup. This study included (1) the
transition of grain structure in billet discard, (2) texture analysis in extrudate, (3) static evolution
during flash annealing and solutionization and (4) the effects of extrusion parameters on grain
structure. The grain structures of water quenched extrudates consisted of fibrous grains and
dynamically recrystallized grains. Continuous dynamic recrystallization was the primary
recrystallization mechanism in the peripheral region because of higher strain, whereas
discontinuous dynamic recrystallization near grain boundaries and 2nd phase particles was the
main recrystallization mechanism in the interior region.
A double fiber texture with <100> and <111> directions aligned with extrusion direction
was found both in billet discard and in extrudate as the result of the axisymmetric compression.
Furthermore, the grain subdivision behavior by sub-grain boundary and high angle grain
boundary was dependent on grain orientation, resulting in alternating bands of recrystallized
grains and elongated grains in the peripheral region of extrudate. This phenomenon is likely
related to deformation heterogeneity within grains and is orientation dependent. Flash annealing
of 5 s and 15 s at 490 ºC resulted in abnormal growth of the recrystallized grains. However, the
growth was stopped by the adjacent unrecrystallized grains and the final grain size was limited
by the recrystallization band width.
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The resistance to recrystallization for 7050 alloy was closely related to its small
concentration of Zr. Static casting and directional solidification were used to prepare specimens
with different Zr concentrations and distribution, the Al3Zr dispersoids were characterized, and
the corresponding recrystallization behavior was analyzed. Several conclusions were made: (1)
The dispersoids near grain boundaries were critical in inhibiting recrystallization. The specimen
with a low Zr concentration (0.03 wt %) distributed evenly showed similar recrystallization
behavior as the specimen with a high Zr concentration (0.11 wt %) distributed heterogeneously.
(2) Even with high Zr concentration (0.11 wt %), the effect of Zr was not as obvious if the
dispersoids were significantly larger in size and lower in number density. In summary, Al3Zr
dispersoids were most effective in inhibiting recrystallization when they are small, coherent, and
homogeneously distributed.

Future work
Aluminum alloys, owning to their high strength-to-weight ratio, are finding more and
more applications in construction, transportation and aerospace. These new applications create
higher requirements both on the processing techniques and on the final products. The current
dissertation provides insights into the microstructure evolution of some aluminum alloys during
hot forming and heat treatments. However, some new questions are raised from this. Also, some
related areas are yet to be explored and fully understood in the future.
Chapter 2 presents the results regarding to the evolution of Mg2Si during homogenization
and extrusion preheating. For further investigation, quantitative optimization of homogenization
cooling rate in combination with extrusion preheating rate can be explored. A possible way to
approach this is to use numerical tools with experimental input and verifications. On the other
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hand, the cooling process after extrusion is also important as it needs to be fast enough to avoid
precipitation of Mg2Si, raising the subject of quenching sensitivity, which is mostly affected by
alloy composition. However, compared with 6XXX alloys, the study of quenching sensitivity is
more necessary for 7XXX alloys because of the more complicated compositions, in which
MgZn2 and Cu-containing precipitates are the counterparts for Mg2Si in 6XXX alloys.
For grain structure evolution, the detailed mechanism for abnormal grain growth that
happens within the recrystallized grains is still yet to be fully understood. This abnormal grains
growth behavior has been found in both previous and current study for both 6XXX and 7XXX
alloys and is responsible for the formation of peripheral coarse grains. However, this
phenomenon does not happen during other types of deformation processing such as rolling,
where strain gradients are also present [9]. In general, abnormal grain growth can be related to
dispersoids pinning the grain boundaries or certain grain orientations that are favored in energy
[1]. Currently, no direct explanation is available for the abnormal grain growth in aluminum
extrusions. To look into this subject, closer characterization would be necessary for the nanosized dispersoids and grain boundaries with transmission electron microscopy (TEM), as well as
statistical grain orientation analysis with high-resolution EBSD technique.
An interesting result from the 7050 extrusions discussed in Chapter 4 is that the <100>
and <111> oriented grains exhibit very different subgrain forming and recrystallization behavior,
which is likely related to different dislocation sub-structures formed in these grains. A
fundamental study can be carried out in the future on the orientation-dependent dislocation
behavior. Dislocation structures including cells and cell blocks need to be characterized with a
TEM to confirm the difference in <100> and <111> oriented grains. Also, this study on the
relationship between sub-grain formation and grain orientation can be extended to non-
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axisymmetric extrusions, in which a different texture is present. Furthermore, since the
propensity to recrystallization can be dependent on grain orientation, modifying the texture
would be a potential way to control recrystallization.
Finally, from the bigger picture, for further enhancement of mechanical properties of
aluminum alloys, there are some promising research areas regarding to alloy development and
novel processing approaches. For example, complex phase evolution in 6XXX alloys with Cu for
automotive applications, processing of ultra-fine grained aluminum alloys through severe plastic
deformation to reach higher strength, and additive manufacturing of aluminum alloys.
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